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Preface 


What enters your mind when you hear the words “organic chemistry?" Some of you may 
think, “the chemistry of life,” or “the chemistry of carbon." Other responses might include “рте- 
med, “pressure,” “difficult,” or “memorization.” Although formally the study of the compounds 
of carbon, the discipline of organic chemistry encompasses many skills that are common to other 
areas of study. Organic chemistry is as much a liberal art as a science, and mastery of the 
concepts and techniques of organic chemistry can lead to improved competence in other fields. 


As you work on the problems that accompany the text, you will bring to the task many 
problem-solving techniques. For example, planning an organic synthesis requires the skills of a 
chess player; you must plan your moves while looking several steps ahead, and you must keep 
your plan flexible. Structure-determination problems are like detective problems, in which many 
clues must be assembled to yield the most likely solution. Naming organic compounds is similar 
to the systematic naming of biological specimens; in both cases, a set of rules must be learned 
and then applied to the specimen or compound under study. 


The problems in the text fall into two categories: drill and complex. Drill problems, which 
appear throughout the text and at the end of each chapter, test your knowledge of one fact or 
technique at a time. You may need to rely on memorization to solve these problems, which you 
should work on first. More complicated problems require you to recall facts from several parts of 
the text and then use one or more of the problem-solving techniques mentioned above. As each 
major type of problem—-synthesis, nomenclature, or structure determination—is introduced in 
the text, a solution is extensively worked out in this Solutions Manual. 


Here are several suggestions that may help you with problem solving: 


1. The text is organized into chapters that describe individual functional groups. As you 
study each functional group, make sure that you understand the structure and 
reactivity of that group. In case your memory of a specific reaction fails you, you can 
rely on your general knowledge of functional groups for help. 


2. Use molecular models. It is difficult to visualize the three-dimensional structure of an 
organic molecule when looking at a two-dimensional drawing. Models will help you 
to appreciate the structural aspects of organic chemistry and are indispensable tools 
for understanding stereochemistry. 


3. Every effort has been made to make this Solutions Manual as clear, attractive, and 
error-free as possible. Nevertheless, you should use the Solutions Manual in 
moderation. The principal use of this book should be to check answers to problems 
you have already worked out. The Solutions Manual should not be used as a 
substitute for effort; at times, struggling with a problem is the only way to teach 
yourself. 


4.  Lookthrough the appendices at the end of the Solutions Manual. Some of these 
appendices contain tables that may help you in working problems; others present 
information related to the history of organic chemistry. 


У 
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vi Preface 


Although the Solutions Manual is written to accompany Organic Chemistry, it contains 
several unique features. Each chapter of the Solutions Manual begins with an outline of the text 
that can be used for a concise review of the text material and can also serve as a reference. After 
every few chapters a Review Unit has been inserted. In most cases, the chapters covered in the 
Review Units are related to each other, and the units are planned to appear at approximately the 
place in the textbook where a test might be given. Each unit lists the vocabulary for the chapters 
covered, the skills needed to solve problems, and several important points that might need 
reinforcing or that restate material in the text from a slightly different point of view. Finally, the 
small self-test that has been included allows you to test yourself on the material from more than 
one chapter. 


I have tried to include many types of study aids in this Solutions Manual. Nevertheless, this 
book can only serve as an adjunct to the larger and more complete textbook. If Organic 
Chemistry is the guidebook to your study of organic chemistry, then the Solutions Manual is the 
roadmap that shows you how to find what you need. 


Susan McMurry 
Acknowledgments 
Cengage Learning would like to acknowledge KC Russell of Northern Kentucky University and 
James Vyvyan of Western Washington University for providing solutions to the new mechanism 


and spectroscopy problems. We would also like to thank Paul Adams of the University of 
Arkansas for his review work. 
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Chapter 1 — Structure and Bonding 


Chapter Outline 


1. Atomic Structure (Sections 1.1—1.3). 
А. Introduction to atomic structure (Section 1.1). 


1. 


es 


An atom consists of a dense, positively charged nucleus surrounded by negatively 


charged electrons. 


a. The nucleus is made up of positively charged protons and uncharged neutrons. 


b. The nucleus contains most of the mass of the atom. 


c. Electrons move about the nucleus at a distance of about 2 x 10 ^ m (200 pm). 


The atomic number (Z) gives the number of protons in the nucleus. 

The mass number (А) gives the total number of protons and neutrons. 

АП atoms of a given element have the same value of Z. 

a. Atoms of a given element can have different values of A. 

b. Atoms of the same element with different values of 4 are called isotopes. 

Orbitals (Section 1.2). 

The distribution of electrons in an atom can be described by a wave equation. 

a. The solution to a wave equation is an orbital, represented by ¥. 

b. ¥? predicts the volume of space in which an electron is likely to be found. 

There are four different kinds of orbitals (s, p, d, f). 

a. The s orbitals are spherical. 

b. The р orbitals are dumbbell-shaped. 

c. Four of the five d orbitals are cloverleaf-shaped. 

An atom's electrons are organized into electron shells. 

a. The shells differ in the numbers and kinds of orbitals they contain. 

b. Electrons in different orbitals have different energies. 

c. Each orbital can hold up to a maximum of two electrons. 

The two lowest-energy electrons are in the 15 orbital. 

a. The 2s orbital is the next higher in energy. 

b. The next three orbitals are 2px, 2py and 2pz, which have the same energy. 
i. Each p orbital has a region of zero density, called a node. 

с. The lobes of a p orbital have opposite algebraic signs. 


C. Electron Configuration (Section 1.3). 


1. 


2. 


The ground-state electron configuration of an atom is a listing of the orbitals 


occupied by the electrons of the atom in the lowest energy configuration. 
Rules for predicting the ground-state electron configuration of an atom: 
à. Orbitals with the lowest energy levels arc filled first. 

i The order of filling is 15, 25, 2p, 35, 3p, 45, За. 


Only two electrons can occupy each orbital, and they must be of opposite spin. 
c. Iftwo or more orbitals have the same energy, one electron occupies each until all 


are half-full (Hund's rule). Only then does a second electron occupy one 
of the orbitals. 
i. All of the electrons in half-filled shells have the same spin. 
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2 Chapter I 


П. Chemical Bonding Theory (Sections 1.4—1.5). 
A. Development of chemical bonding theory (Section 1.4). 


1. 


2: 
3; 


4. 


Kekulé and Couper proposed that carbon has four “affinity units”; carbon is 
tetravalent. 

Kekulé suggested that carbon can form rings and chains. 

Van't Hoff and Le Bel proposed that the 4 atoms to which carbon forms bonds sit at 
the corners of a regular tetrahedron. 

In a drawing of a tetrahedral carbon, a wedged line represents a bond pointing toward 
the viewer, a dashed Иле points behind tbe plane of tbe page, and a solid line 

lies in the plane of the page. 


B. Covalent bonds. 


1. 


Atoms bond together because the resulting compound is more stable than the 

individual atoms. 

a. Atoms tend to achieve the electron configuration of the nearest noble gas. 

b. Atoms in groups ІА, 2A and 7A either lose electrons or gain electrons to form 
ionic compounds. 

c. Atoms in the middle of the periodic table share electrons by forming covalent 
bonds. 

d. The neutral collection of atoms held together by covalent bonds is a molecule. 

Covalent bonds can be represented two ways. 

a. In electron-dot structures, bonds are represented as pairs of dots. 

b. In line-bond structures, bonds are represented as lines drawn between two bonded 
atoms. 

The number of covalent bonds formed by an atom depends on the number of 

electrons it has and on the number it needs to achieve an octet. 

Valence electrons not used for bonding are called lone-pair (nonbonding) 

electrons. 

a, Lone-pair electrons are often represented as dots. 


C. Valence bond theory (Section 1.5). 


1. 


2; 


3. 
4. 


5, 


Covalent bonds are formed by the overlap of two atomic orbitals, each of which 
contains one electron. The two electrons have opposite spins. 

Bonds formed by the head-on overlap of two atomic orbitals are cylindrically 
symmetrical and are called о bonds. 

Bond strength is the measure of the amount of energy needed to break a bond. 
Bond length is the optimum distance between nuclei. 

Every bond has a characteristic bond length and bond strength. 


Ш. Hybridization (Sections 1.6—1.10). 
А. sp Orbitals (Sections 1.6, 1.7). 


k 


Structure of methane (Section 1.6). 

а. When carbon forms 4 bonds with hydrogen, one 2s orbital and threc 2p orbitals 
combine to form four equivalent atomic orbitals (sp^ hybrid orbitals). 

b. These orbitals are tetrahedrally oriented. 

c. Because these orbitals are unsymmetrical, they can form stronger bonds than 
unhybridized orbitals can. 
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d. These bonds have a specific geometry and a bond angle of 109.5°. 

2. Structure of ethane (Section 1.7). 
a. Ethane has the same type of hybridization as occurs in methane. 
b. The С-С bond is formed by overlap of two sp? orbitals. 
c. Bond lengths, strengths and angles are very close to those of methane. 

B. sp? Orbitals (Section 1.8). 

1. If one carbon 2s orbital combines with two carbon 2p orbitals, three hybrid sp? 
orbitals are formed, and one p orbital remains unchanged. 

2. The three sp? orbitals lie in a plane at angles of 120°, and the unhybridized p orbital is 
perpendicular to them. 

3. Two different types of bonds form between two carbons. 
а. Aoc bond forms from the overlap of two sp? orbitals. 
b. Az bond forms by sideways overlap of two р orbitals. 
c. This combination is known as a carbon-carbon double bond. 

4. Ethylene is composed of a UE double bond and four с bonds formed 
between the remaining four sp’ orbitals of carbon and the 15 orbitals of 


hydrogen. 
a. The double bond of ethylene is both shorter and stronger than the C-C bond of 
ethane. 


C. sp Orbitals (Section 1.10). 

1. Ifone carbon 2s orbita] combines with one carbon 2p orbital, two hybrid d orbitals 
are formed, and two p orbitals are unchanged. 

2, The two sp orbitals are 180° apart, and the two p orbitals are perpendicular to them 
and to each other. 

3. Two different types of bonds form. 
а. Aobond forms from the overlap of two sp orbitals. 
b. Two z bonds form by sideways overlap of four unhybridized р orbitals. 
c. This combination is known as a carbon-carbon triple bond. 

4. Acetylene is composed of a carbon—carbon triple bond and two o bonds formed 
between the remaining two sp orbitals of carbon and the 15 orbitals of hydrogen. 
a. The triple bond of acetylene is the strongest carbon-carbon bond. 

D. Hybridization of nitrogen and oxygen (Section 1.10). 

1. Covalent bonds between other elements can be described by using hybrid orbitals. 

2. Both the nitrogen atom in ammonia and the oxygen atom in water form sp hybrid 
orbitals. 
a. The lone-pair electrons in these compounds occupy sz З orbitals 

3. The bond angles between hydrogen and the central atom is often less than 109° 
because the lone-pair electrons take up more room than the т bond ` 

4. Because of their positions in the third row, phosphorus and sulfur can form more than 
the typical number of covalent bonds. 

IV. Molecular orbital theory (Section 1.11). 
A. Molecular orbitals arise from a mathematical combination of atomic orbitals and 

belong to the entire molecule. 

1. Two 15 orbitals can combine in two different ways. 
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4 Chapter 1 


a. The additive combination is a bonding MO and is lower in energy than the two 
hydrogen 1s atomic orbitals. 
b. The subtractive combination is an antibonding MO and is higher in energy than 
the two hydrogen [5 atomic orbitals. 
2. Two p orbitals in ethylene can combine to form two л MOs. 
a. The bonding MO has no node; the antibonding MO has one node. 
3. A node is a region between nuclei where electrons aren't found. 
a. Ifa node occurs between two nuclei, the nuclei repel each other. 
V. Chemical structures (Section 1.12). 
А. Drawing chemical structures. 
1. Condensed structures don't show С-Н bonds and don't show the bonds between CH3, 
CH» and CH units. 
2. Skeletal structures are simpler still. 
a. Carbon atoms aren't usually shown. 
b. Hydrogen atoms bonded to carbon aren't usually shown. 
c. Other atoms (О, М, Cl, etc.) are shown. 
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Solutions to Problems 


1.1 (a) To find the ground-state electron configuration of an element, first locate its atomic 
number. For oxygen, tbe atomic number is 8; oxygen thus has 8 protons and 8 
electrons. Next, assign the electrons to the proper energy levels, starting with the 
lowest level. Fill cach level completely before assigning electrons to a higher energy 


level. 
p» 1 
Oxygen 3s Ar 


Notice that the 2p electrons are in different orbitals. According to Hund's rule, we 
must place one electron into each orbital of the same energy level until all orbitals are 
half-filled. 


Remember that only two electrons can occupy the same orbital, and that they must be 
of opposite spin. 


A different way to represent the ground-state electron configuration is to simply write 
down the occupied orbitals and to indicate the number of electrons in each orbital. 
For example, the electron configuration for oxygen is 152 2s? 2р“. 


Nitrogen 2p = = m 


(b) Nitrogen, with an atomic number of 7, has 7 electrons. Assigning these to energy 
levels: 
The more concise way to represent ground-state clectron configuration for nitrogen: 
15? 252 2p? 


(c) Sulfur has 16 electrons, 


vH HH 
ay AD 
Sulfur 2p H- H- AY 


15? 252 2р% 35° 3p* 
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6 Chapter 1 


1.2 The elements of thc periodic table are organized into groups that are based on the number 
of outer-shell electrons each element has. For example, an element in group | A has one 
outershell electron, and an element in group 5A has five outer-shell electrons. To find the 
number of outer-shell electrons for a given element, use the periodic table to locate its 
group. 


(a) Magnesium (group 2А) has two electrons in its outermost shell. 


(b) Cobalt is a transition metal, which has two electrons in the 4s subshell, plus seven 
electrons in its 34 subshell. 


(c) Selenium (group 6A) has six electrons in its outermost shell. 


1,3 A solid line represents a bond lying т the plane of the page, a wedged bond represents а 
bond pointing out of the plane of the page toward the viewer, and a dashed bond represents 
а bond pointing behind the plane of the page. 


H 


Ou Chloroform 
v M е. 
Сі 


1.4 


H H 
\ F.H | 
НС E Ethane 
нн 


# М 
ОЛ 


1.5 Identify the group of the central element to predict the number of covalent bonds the 
element can form. 


(a) Carbon (Group 4A) has four electrons in its valence shell and forms tour bonds to 
achieve the noble-gas configuration of neon. A likely formula is CCl. 


Element Group Likely Formula 
(b) A] 3A ATH 
(c) C 4А CH:Cb 
(d) Si 3A SIF; 
(e) N 5A CHINE 
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1.6 Start by drawing the electron-dot structure of the molecule. 


(1) Determine the number of valence, or outer-shell electrons for each atom in the 
molecule. For chloroform, we know that carbon has four valence electrons, hydrogen 
has one valence electron, and each chlorine has seven valence electrons. 


С. Zqoxap = 4 
H Го m l 
‘Cl E S E 


26 total valence electrons 
(2) Next, use two electrons for each single bond. 
H 
CI Tes Cl 
CI 


(3) Finally, use the remaining electrons to achieve a noble gas configuration for all 
atoms. For a line-bond structure, replace the electron dots between two atoms with a 


line. 
Molecule Electron-dot structure Line-bond structure 
С! $ a 5 
снов OnE: 0C С: 
(a) АТ e I E 
H 
H5S H:S: н—5: 
(b) 8 valence electrons H H 
н н N 
CH3NH> НІС: МЕН H—G-N-H 
€ 
c) (4 valence electrons H H 
H 
H | 
CHaLi H:C:Li а ec 
d | " 
(d) 8 valence electrons H H 


17 Eachofthe two carbons has 4 valence electrons. Two electrons are used to form the 
carbon-carbon bond, and the 6 electrons that remain can form bonds with a maximum of 6 
hydrogens. Thus, the formula C2H7 is not possible. 
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8 Chapter 1 


1.8 Connect the carbons and add hydrogens so that all carbons are bonded to four different 


atoms. 
H H H H H 
| gd 1 \ рН 
H—C—C—C—H E ee Propane 
| E Ig Hau \ 
H H H H .C—H 
H’ 4,43 
H 


The gcometry around all carbon atoms is tetrahedral, and all bond angles are 
approximately 109°. 


1.9 
HH HH HH 
) ; ' H H H H HH 
М ү E M КО. 
SN YN ALL H—C—C—C—C—C—C—H Нехапе 
- A М. [ X qe wd 
HH HH HH rope Ho 
1.10 
H H H 
| / H spr fy 
H—C--C C—C YT Propene 
| NI ИК IN 
н СН H ICH 
H HO 


The C3-H bonds are с bonds formed by overlap of an «p? orbital of carbon 3 with an 
s orbital of hydrogen. 


The C2-H and С1—Н bonds are с bonds formed bv overlap of an sp? orbital of carbon 
with an s orbital of hydrogen. 


The C2-C3 bond is a с bond formed by overlap of an sp? orbital of carbon 3 with an 
sp^ orbital of carbon 2. 


There аге two С1-С2 bonds. One is a о bond formed by overlap of an sp’ orbital of | 
carbon 1 with an sp? orbital of carbon 2. The other is a л bond formed by overlap of a p 
orbital of carbon 1 with a p orbital of carbon 2. All four atoms connected to the carbon- 
carbon double bond Не in the same planc, and all bond angles between thesc atoms are 
120°. The bond angle between hydrogen and the sp?-hybridized carbon is 109°. 


1.11 
P ol 
Hom. C, wc! АП atoms lic in the same plane, and all 
AAT м А с 
15 А (ae ur bond angles are approximately 120°. 
prey 
H H 


| .3- Butadicne 
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1.12 


С „Cne H Aspirin. 


| [ A All carbons are sp^ hybridized, with the exception of the 
„©ъ „Сым. indicated carbon. АП oxygen atoms have two lone pairs 
| нң of electrons. 


H H 

| Ha op? р ұр 

dz се == Сн Propyne 
H H 


The C3-H bonds are о bonds formed by overlap of an sp?orbital of carbon 3 with an s 
orbital of hydrogen. 


The C1-H bond is а о bond formed by overlap of an sp orbital of carbon 1 with an s orbital 
of hydrogen. 


The C2-C3 bond is а а bond formed by overlap of an sp orbital of carbon 2 with an sp? 
orbital of carbon 3. 


There are three C1-C2 bonds. One is а а bond formed by overlap of an sp orbital of carbon 
] with an sp orbital of carbon 2. The other two bonds are z bonds formed by overlap of two 
p orbitals of carbon 1 with two p orbitals of carbon 2. 

The three carbon atoms of propyne lie in a straight line: the bond angle is 180°. The 
H-C;izC» bond angle is also 180°, The bond angle between hydrogen and the sp?- 
hybridized carbon 15 109°. 


The sp?-hybridized oxygen atom has 


C C 
(a) T NC ae tetrahedral geometry. 


M Tetrahedral geometry at nitrogen and 
Нас" 7 СНз carbon. 


V Like nitrogen, phosphorus has five 
(c) m outer-shell electrons. PH; has 
Ни H tetrahedral geometry. 
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10 Chapter 1 


О 
[| 
HaC CH-CH-CHCOH The sp’-hybridized sulfur atom has 
(d) Зима | 27 2] tetrahedral geometry. 
"S NH» 


1.15 Remember that the end of a line represents a carbon atom with 3 hydrogens, a two-way 
intersection represents a carbon atom with 2 hydrogens, a three-way intersection represents 
a carbon with | hydrogen and a four-way intersection represents a carbon with no 


hydrogens. 
(a) (b) 
ноў 
ОН — 
HO 


Adrenaline — CgH (4NO4 


Estrone — C4gH2205 


1.16 Several possible skeletal structures can satisfy each molecular formula. 


(а) Сә V Мы ы "Y ae 


о О OH 

ы d. ges 

4) соња Се МИ pur ma 
Ci С! 
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1.17 


и OH 
| PABA 
HoN 


Visualizing Chemistry 


1.18 (a) 


(b) 


O—H OH 


СЗН7МО 


1.19 Citric acid (CsHsO7) contains seven oxygen atoms, each of which has two electron lone 
pairs. Three of the oxygens form double bonds with carbon. 


"E 


Силе acid 


L 2016 Cengage Learning. AI] Rights Reserved. May not be scanned. copied or duplicated, or posted to a publicly accessible website, m whole or in part. 


11 


12 


1.20 


1.21 


Chapter 1 


H H 
\ / 
с=с H 
3 / \ / 
‘OSC с-м: H H 
{ wv ^ X |^ 
5 H E m р —Csp 
cá + H H O: H 


$t 


Acetaminophen 


Alt carbons are р“ hybridized, except for the carbon indicated as sp’. The two oxygen 
atoms and the nitrogen atom have lone pair electrons, as shown. 


Aspartame HN н О 


Additional Problems 


Electron Configuration 


1.22 


1.23 


Atomic 
Element Number Number of valence electrons 
(a) Zinc 30 2 
(b) Iodine 53 7 
(c) Silicon 14 4 
(d) Tron 26 2 (in 4s nutshell),6 {in За subshell) 
Atomic Ground-state 
Element Number electron configuration 
(а) Potassium 19 152 2s? 2p* 357 3р% 4s! 
(b) Arsenic 33 1s? 2s? 2p? 352 3p* Ae? 34? 45? 
(c) Aluminum 13 1s? 252 2p* 352 3p! 
(d) Germanium 32 152 252 2р5 352 3р5 452 34/9 4p? 
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Electron-Dot and Line-Bond Structures 
1.24 (a) NH2OH (b) АСВ (c) CH2CL2 (d) CH20 
1.25 (a) The 4 valence electrons of carbon can form bonds with a maximum of 4 hydrogens. 


Thus, it is not possible for the compound CHs to exist. 


(b) If you try to draw a molecule with the formula C2HeN, you will scc that it I 
impossible for both carbons and nitrogen to have a complcte octet of electrons. 
Thercfore, C2HeN is unlikely to exist. 


(с) A compound with the formula C3HsBr2 doesn't have filled outer shells for all atoms 
and is thus unlikely to exist. 


1.26 
H " NX 
HICICIINDN cetonitrile 
H 
In the compound acetonitrile, nitrogen has eight electrons in its outcr electron shell. Six are 
used in the carbon-nitrogen triple bond, and two аге a nonbonding electron pair. 
1.27 
в don 
N / 
р =. Vinyl chloride 
H H 
Vinyl chloride has 18 valence electrons. Eight electrons are used for 4 single bonds, 4 
electrons are used in the carbon-carbon double bond, and 6 electrons arc in the 3 lone pairs 
that surround chlorine. 
1.28 (a) (b) (c) 
0: | 0 
5 CH та С... = 
PINE NS C TN M 
НС 5 нс” мн, H3C О 


1.29 In molecular formulas of organic molecules, carbon is listed first, followed by hydrogen. 
АП other elements are listed т alphabetical order. 


Compound Molecular Formula 
(a) Aspirin СэНзОд 

(b) Vitamin C CeHsOe 

(c) Nicotine CioHi4N2 

(d) Glucose CsH1206 
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1.30 To work a problem of this sort, you must draw all possible structures consistent with the 


1.31 


1.32 


rules of valence. You must systematically consider all possible attachments, including 
those that have branches, rings and multiple bonds. 


(a) (b) (c) 
WE i Pn Pon 
H—6—076—H DES S LES н ои 
н H H H H H H H 
(d) 

RN ЖА 
I. ME е 

ннн H H H 
{е) 

но H Oo 

| || | Н. of Na „Н 
oe E S RE QU 

H H H H 
(f) 

RE NN у КО, ЖЕ ри 
о зе че че ш 
H HLN H N.H H H H H H с.н 

H `H НА н 1H 
н 
Ts 
jas H Ethanol 
OH 
H O H O о 
Я ђ і ff | ae ЗОВ | ee т 
H—O0—C-—C-—C-—C—0O—H H—O0—C—C—C—C—H 
| O HOO [ 
H I i IE |l H—O 
О us Noon 
H—O 
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1.33 (а) (b) 
H H H H 
ores оаа] 
ДОМЕ а 
ж нон н 
H 
1.34 
i 
1X кй Kt 
H Е jong 
Hybridization 


1.35 The H3C- carbon is sp? hybridized, and 


1.36 (a) (b) 
sp? spò 5 p? m 
CH3C H53CHa be. T sp- 
HaC 
ae 
1.37 
H H 
`N / 
с=с 
/ N 
H— ES р —H Benzene 
C A C 4 
/ \ 
н H 


Structure and Bonding 


(9) 


I-—O 2 

тю 

оф 

г—о@-—т 
- 


All other bonds are covalent. 


the -CN carbon is sp hybridized. 


(c) (d) 


3 р! 
Ape sp- Ур sp 


HaC =CH— CECH 


АЛ carbon atoms of benzene are sp” hybridized, and all bond angles of benzene are 120°. 


Benzene is a planar molecule. 


1.38 (a) (b) (с) 
f "TO i 
<2 H „ММ H 

E heo oral H3C 109 C 

нс a" OH RB ee. 08 
Cu 26 iU 
NH; H^ “< “н н OH 
| 
о H one 
Ciycine Pyridine Lactic acid 
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1.39 Examples: 


a BLA. 2 )H;C-—CH— = 2 с C= —( = 
CH3CH2CH=CH (b) Hx>C=CH—CH=CH. ( H2C=CH—C=CH 
1.40 (a) (b) 
qno pe 
H о ; ‚ CH -CH CH- 
| ‚2 | А 4 li ^ 9 ye ap“ “al 2 3 | Ta OH 
А} apo Ap Е _ = фк 2 4 
PSG АЕ СН» hi Ci HO С Р.О SOLO 
er 5 CH5- CH4 e c 
MALES ACT " TA id ды "E C =O yp 
Ном С»? Н ы 
HO OH 


Vitamin С 


1.41 


Pyridoxal phosphate 


The bond angles formed by atoms having sp? hybridization are approximately 109°. 
The bond angles formed by atoms having sp? hybridization are approximately 120°. 


Skeletal Structures 


1.42 (a) (b) (с) (d) 


Cl 
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1.43 (а) © i 
нун 2N 
LH Ol 
^H 0) 
X 2 | IH 
0H 
CgH420 
1.44 


PA NH 
о `О 5 


Oseltamivir Clopidogrel 
(Тати (Plavix) 
СчеН28№204 C16H16CINO2S 
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General Problems 


1.46 In a compound containing a carbon-carbon triple bond, atoms bonded to the sp-hybridized 
carbons must lie in a straight line. It is not possible to form a five-membered ring if four 
carbons must have a linear relationship. 


1.47 
д bonds 
га ер j Ec — 


cM "uL = 
Н ÁN zt ] NM? 


л bonds 


The central carbon of allene forms two ø bonds and two л bonds. The central carbon is 
sp-hybridized, and the two terminal carbons are sp’-hybridized. The bond angle formed by 
the three carbons is 180°, indicating linear geometry for the carbons of allene. 


1.48 


Л bonds 
\ 


Carbon dioxide is a linear molecule. 


1,49 


| || yore H Caffeine 


All of the indicated atoms are sp?-hybridized. 
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1,50 (a) The positively charged carbon atom is surrounded by six valence electrons; carbon 
has three valence electrons, and each hydrogen brings three valence electrons. 


(b) The positively charged carbon is sp?-hybridized. 


(c) А carbocation is planar about the positively charged carbon. 


1.51 
mm 5) 
yas ае | 
V Му 
НГ? Ңң Hp sy 
H 


(a) Acarbanion is isoelectronic with (has thc same number of electrons as) a trivalent 
nitrogen compound. 


(b) The negatively charged carbanion carbon has eight valence electrons. 
(c) The carbon atom is sp^-hybridized. 
(d) А carbanion is tetrahedral. 


1.52 According to the Pauli Exclusion Principle, two electrons in the same orbital must have 
opposite spins. Thus, the two electrons of triplet (spin-unpaired) methylene must occupy 
different orbitals. In triplet methylene, sp-hybridized carbon forms one bond to each of two 
hydrogens. Each of the two unpaired electrons occupies a p orbital. In singlet (spin-paired) 
methylene the two electrons can occupy the same orbital because they have opposite spins. 
Including the two C-H bonds, there are a total of three occupied orbitals. We predict sp? 
hybridization and planar geometry for singlet methylene. 


vacant 2 orbital 


É D Вы Ма 
н=с=н ° СС) 
C d Ж HAT 
‘Triplet methylene Singlet methylene 
(linear) (planar) 
1.53 
it 
CH3CH2CHsCH3 CH3CHCH, 


The two compounds differ in the way that the carbon atoms are connected. 
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1.54 


H 
e X oF 
HC —CH —CH3 -с—с: 


H H 
One compound has a double bond, and one has a ring. 


1.55 СНзСН2ОН CH30CH3 


The two compounds differ in the location of the oxygen atom. 


1.56 
£ Ha 
CH4CH3CH — CH» CH3CH = CHCH4 НС =C 
СНз 
The compounds differ in the way that the carbon atoms are connected and in the location of 
the double bond. 
1.57 
Naproxen 
= p-hybridized carbon 
# = sp*-hybridized carbon 
Acetaminophen 
(a), (b) 
Compound sp?-Hybridized sp^-Hybridized 
carbons carbons 
Ibuprofen 6 7 
Naproxen 3 11 
Acetaminophen 1 7 


(c) Each of the structures has а six-membered ring containing three double bonds, each 
has a methyl group, and each has a С=О group. 
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Chapter 2 – Polar Covalent Bonds; Acids and Bases 


Chapter Outline 


I. Polar covalent bonds (Sections 2.1-2.3). 
A. Electronegativity (Section 2.1). 


1, Although some bonds are totally ionic and some are totally covalent, most chemical 
bonds are polar covalent bonds, 


a. In these bonds, electrons are attracted 10 one atom more than to the other atom. 
2. Bond polarity is due to differences in electronegativity (EN). 
a. Elements on the right side of the periodic table are more electronegative than 
elements on the left side. 


b. Carbon has an EN of 2.5. 
c. Elements with EN > 2.5 are more electronegative than carbon. 
d. Elements with EN « 2.5 are less electronegative than carbon. 


3. The difference in EN between two elements can be used to predict the polarity of a 
bond. 


a. IT AEN < 0.4, a bond is nonpolar covalent. 

If AEN is between 0.4 and 2.0, a bond is polar covalent. 

If AEN > 2.0, a bond is ionic. 

The symbols A+ and A- are used to indicate partial charges. 
À crossed arrow 1s used to indicate bond polarity. 


1. The tail of the arrow is electron-poor, and the head of the arrow is electron- 
rich. 


4. Electrostatic potential maps are also used to show electron-rich (red) and electron- 
poor (blue) regions of molecules. 


5. An inductive effect is an atom's ability to polarize a bond. 
B. Dipole moment (Section 2.2). 
1. Dipole moment is the measure of a molecule's overall polarity. 
2. Dipole moment (и) = Ох г, where О = charge and г = distance between charges. 
a. Dipole moment is measured in debyes (D). 
3. Dipole moment can bc used to measure charge separation. 
4. Water and ammonia have large values of D; methane and ethane have D = 0. 
C. Formal charge (Section 2.3). 
J], Formal charge (FC) indicates electron "ownership" in a molecule. 


> (ЕС)- of | у | # of bonding electrons l 4 pei 


2 
II. Resonance (Sections 2.4—2.6). 
A. Chemical structures and resonance (Section 2.4). 


1. Some molecules (acetate ion, for example) can be drawn as two (or more) different 
electron-dot structures. 


a. These structures are called resonance structures. 


"nunt 


electrons electrons 
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b. The true structure of the molecule 1s intermediate between the resonance 
structures. 


c. The true structure is called a resonance hybrid. 

2. Resonance structures differ only in the placement of z and nonbonding electrons. 
a. Allatoms occupy the same positions. 

3. Resonance is an important concept in organic chemistry. 

B. Rules for resonance forms (Section 2.5). 

1. Individual resonance forms are imaginary, not real. 

2. Resonance forms differ only in the placement of their z or nonbonding electrons. 
a. Acurved arrow is used to indicate the movement of electrons, not atoms. 

3. Different resonance forms of a molecule don't have to be equivalent. 


a. Ifresonance forms are nonequivalent, the structure of the actual molecule 
resembles the more stable resonance form(s). 


4, Resonance forms must obey normal rules of valency. 
5. The resonance hybrid is more stable than any individual resonance form. 
C. А useful technique for drawing resonance forms (Section 2.6). 


1. Any three-atom grouping with a multiple bond adjacent to a nonbonding p orbital has - 
two resonance forms. 


2. One atom in the grouping has a lone electron pair, a vacant orbital or a single 
electron. 


3. By recognizing these three-atom pieces, resonance forms can be gencrated. 
III. Acids and bases (Sections 2.72.11). 
A. Brensted-Lowry definition (Section 2.7). 
1. A Brensted-Lowry acid donates ап H* ion; a Bronsted-Lowry base accepts H`. 


2. The product that results when a base gains Н” is the conjugate acid of the base; the 
product that results when an acid loses H* is the conjugate base of the acid. 


3. Water can act either as an acid or as a base. 
B. Acid and base strength (Section 2.82.10). 
1. A strong acid reacts almost completely with water (Section 2.8). 
2. The strength of an acid in water is indicated by Xa, the acidity constant. 


3. Strong acids have large acidity constants, and weaker acids have smaller acidity 
constants. 


4. The pKa is normally used to express acid strength. 
a. pKa= -log Ka 
b. A strong acid has а small рК», and a weak acid has a large рКа. 


c. The conjugate base of a strong acid is a weak base, and the conjugate base of a 
weak acid is a strong base. 
5. Predicting acid-base reactions from pKa (Section 2.9). 
a. An acid with a low рКа (stronger acid) reacts with the conjugate base of an acid 
with a high pXa (stronger base). 
b. In other words, the products of an acid—base reaction are more stable than the 
reactants. 
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6. Organic acids and organic bases (Section 2.10). 
a. There arc two main types of organic acids: 
i. Acids that contain hydrogen bonded to oxygen. 
ii. Acids that have hydrogen bonded to the carbon next to a С=О group. 
b. The main type of organic base contains a nitrogen atom with a lone electron pair. 
C. Lewis acids and bases (Section 2.11). 
l. A Lewis acid accepts an electron pair. 
а. А Lewis acid may have either a vacant low-energy orbital or a polar bond to 
hydrogen. 
b. Examples includc metal cations, halogen acids, group 3 compounds and 
transition-metal compounds. 
2. A Lewis base has a pair of nonbonding electrons. 
a. Most oxygen- and nitrogen-containing organic compounds are Lewis bases. 
b. Many organic Lewis bases havc more than one basic site. 
3. А curved arrow shows the movement of electrons from a Lewis base to a Lewis acid. 
IV. Noncovalent interactions in molecules (Section 2.12). 
А. Dipole-dipole interactions occur between polar molecules as a result of electrostatic 
interactions among dipoles. 
1. These interactions may be either attractive or repulsive. 
2. The attractive geometry is lower in energy and predominates. 


B. Dispersion forces result from the constantly changing electron distribution within 
molecules. 


1. These forces are transient and weak, but their cumulative effect may be important. 
C. Hydrogen bonds. 


l. Hydrogen bonds form between a hydrogen bonded to an electronegative atom and an 
unshared electron pair on another electronegative atom. 


2. Hydrogen bonds are extremely important т living organisms. 
3. Hydrophilic substances dissolve in water because they are capable of forming 
hydrogen bonds. 


4. Hydrophobic substances don't form hydrogen bonds and usually don't dissolve in 
walter. 
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Solutions to Problems 


2.1 After solving this problem, use Figure 2.2 to check your answers. The larger the number, 
the more electronegative the element. 


More electronegative Less electronegative 
(a) H (2.1) Li (1.0) 
(b) Br (2.8) В (2.0) 
(c) СІ (3.0) I (2.5) 
(d)C (2.5) Н (2.1) 


Carbon is slightly more electronegative than hydrogen. 


2.2 Asin Problem 2.1, use Figure 2.2. The partial negative charge is placed on the more 
electronegative atom, and the partial positive charge is placed on the less electronegative 


atom. 
(a) (b) (с) 
ù+ ò- òt ò- ð- ò+ 
HaC —Cl HaC — NH5 HəN— H 
(4) (е) (D 
H4C —SH e d a+ в 
Carbon and sulfur have Hg — MgBr H3C —F 


identical electronegativies. 


2.3 Use Figure 2.2 to find the electronegattvities of each clement. Calculate AEN and rank the 
answers in order of increasing AEN. 


Carbon: EN = 2.5 Carbon: EN = 2.5 Fluorine: EN = 4.0 

Lithium: == EN- 1.0 Potassium: | EN=0.8 Carbon: EN-25 
AEN = 1.5 AEN = 1.7 AEN = 1.5 

Carbon: EN = 2.5 Oxygen: EN = 3.5 

Magnesium: EN = 1.2 Carbon: EN = 2.5 

eee RNB py о з ы SU YVES AEN = 1.0. 


The most polar bond has the largest AEN. Thus, in order of increasing bond polarity: 
H3C — ОН < H3C — MgBr < HC — Li, НС — Е < НС — К 
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2.4 In an electrostatic potential map. the color red indicates regions of a molecule that are 
electron-rich. The map shows that chlorine is the most electronegative atom in 
chloromethane, and the direction of polarity of the C-C] bond is: 


5— 
‘Ch A 
| | Chloromethane 
RS 
un 
H 
2.5 
H H 
ppm 
Ethylene glycol насе 
4 
H H 


The dipole moment of ethylene glycol is zero because the bond polarities of the two 
carbon- oxygen bonds cancel. 


2,6 For each bond, identify the more electronegative element, and draw an arrow that points 
from the less electronegative element to the more electronegative element. Estimate the 
sum of the individual dipole moments to arrive at the dipole moment for the entire 


molecule. 
(a) " (b) 
H H 
“| 2% рое | | | net dipole 
moment c AY momen 
ST. SG 
ож Ч fe ^а 
Ne ow T ГА 
(с) (4) 
| Сс 2 
. ^ C : 
3 я x” net dipole ~i a | net dipole 
H y al moment с moment 
Ha И" 


2.7 To find the formal charge of an atom in a molecule, follow these two steps: 
(1) Draw an electron-dot structure of the molecule. 


(2) Use the formula in Section 2.3 (shown below) to determine formal charge for each 
atom. The periodic table shows the number of valence elcctrons of the element, and 
the electron-dot structure shows the number of bonding and nonbonding electrons. 


# of | E of bonding eem | о 


4 


electrons 


Formal charge (FC) -| d 
electrons 


a, 
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(а) 
= M es 
HC =N =N: = н.с::м::м: 
Forcarbon: РС = 4- È -0 = 0 
For nitrogen Е FC = 5- -- - 0 = +] 
Fornitrogen 2: FC = 5- ES – 4 = -I 


Remember: Valence electrons are the electrons characteristic of a specific element. 
Bonding electrons are those electrons involved in bonding to other atoms. Nonbonding 
electrons are those electrons in lone pairs. 


(b) 
if: i: 
H4C—C ZN— 2: = Н:С:С:::М№:0: 
H 
For carbon I: FC = 4— z -0 = 0 
For carbon 2: FC = 4- 4. -0240 
For nitrogen: FC = 5- £ -0 = +1 
For oxygen: FC = 6- T -0 = -l 
(c) 
‚Н 3 
H,C—N-—C: = HICING::¢: 


For carbon 1: FC = 4- 


& 

2 
Jor c; . BE — о 6 
For carbon 2: FC = 4- me 2 
For nitrogen: FC = 5- £ 
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2.8 
ehara rum (© A oF valence | раш electrons | [4 ишып 
Formal charge (РС) TE ekerons о 4 Vi electrons 
2 AA 
Pare 
m =O ES =O} Methyl phosphate 
H dL 
Я : 
Е dO edd 
oroxygen : FC = b- 57 -4=0 
ETE ELIT i s 
For oxygen 2: FC = 6- = -4=0 
| 2 
For oxygen 3: FC = 6— = -6 = -i 
А 2 
hor oxygen 4: FC = 6— 5-90 


Oxygen atoms 3 and 4 each have a formal charge of —1, and oxygen atoms 1 and 2 have a 
formal charge of 0. 


2.9 Try to locate the threc-atom groupings that are present in resonance forms. 


(а) These two structures represent resonance forms. The three-atom grouping (C-C 
double bond and an adjacent vacant p orbital) is pictured on the right. 
1 T 
* 
с T C. д 2С + 
-— ll 
+ C 


(b) These two structures represent different compounds, not resonance structures. 


2.10 Look for three-atom groupings that contain a multiple bond next to an atom with a p 
orbital. Exchange the positions of the bond and the electrons in the p orbital to draw the 
resonance form of each grouping. 


(a) Methyl phosphate anion has 3 three-atom groupings and thus has 3 resonance forms. 


( "E 2 :9: :9: _ 
E Pt F — > в Р, —< He oa Р Zt 
сњо я: сно“ VR сно“ WE 


Recall from Chapter 1 that phosphorus, a thtrd-row element, can form more than four 
covalent bonds 
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2.11 


2.12 


2.13 


2.14 


Chapter 2 


(b) 


: О: - 07 “о: :07 “or 
оо О О О 2 
(c) 
+ 
H3C CH CH» ao i» H32C— CH = CHo 
(d) 
‚О: ДО: :0: ОГ 
il | || | 
SS ч 738 eG " “SG 
"IE —e- E Hee a 


When an acid loses a proton, the product is the conjugate base of the acid. When a base 
gains a proton, the product is the conjugate acid of the base. 


HNO, + :NH4 = NO, + NH,” 
Acid Base Conjugate Conjugate 


base acid 

Recall from Section 2.8 that a stronger acid has a smaller pKa and a weaker acid has а 
larger pKa. Accordingly, phenylalanine (pKa = 1.83) is a stronger acid than tryptophan 
(pKa = 2.83). 


HO-H is a stronger acid than H2N—H. Since H2N' is a stronger base than НО’, the 
conjugate acid of H2N' (Н>М-Н) is a weaker acid than the conjugate acid of НО” (HO-H). 


Use Table 2.3 to find the strength of cach acid. A reaction takes place as written if the 
stronger acid is the reactant. 


(a) : 
H—CN + CH4CO; Nat — № CN + CH4CO;H 
pA, = 9.3 pk, = 4.7 
Weaker acid Stronger acid 


Remember that the lower the pKa, the stronger the acid. Thus СНзСО?Н, not HCN, is the 
stronger acid, and the above reaction will not take place to а significant extent in them 
direction written. 
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(b) 
2 
CH3CH90 —H + Nat ON ——* CH4CH;O^ Ма* + HCN 
pA, = 16 pK, = 9.3 
Weaker acid Stronger acid 


Using the same reasoning as in part (a), we can see that the above reaction will not occur to 
a significant extent. 


2.15 
О 
|} i] 
С va 2 С 
HaC” “СНз + Ма? TINH ——>» НС” “СН: Na* + :NHg 
рК, = 19 pk, = 36 
Stronger acid Weaker acid 


As written, the above reaction will take place to virtual completion due to the large 
difference in pKa values. 


2.16 Enter —9.31 into a calculator and use the INV LOG function to arrive at the answer 
К =4.9х 10. 


2.17 Locate the electron pair(s) of the Lewis base and draw a curved arrow from the electron 
pair to the Lewis acid. The electron pair moves from the atom at the tail of the arrow 
(Lewis base) to the atom at the point of the arrow (Lewis acid).(Note: electron dots have 
been omitted from СГ to reduce clutter.) 


(a) т 
C NAA a А 
CH3CH;OH + НТС ж—  CHa&CH50H + Ci 
H 
. fx | + 
HN(CH3) + H-—QI -—-  HN(CHg5 + CF 
"o ``“ А + В 
(b) 
HO: + *CH, =—= HO—CH; 


HOF + B(CHgg === HO—B(CHs)s 


HOF + мв» ==  HO—MgBr 
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2.18 (a) The nitrogen on the left is more electron-rich and more basic. The indicated hydrogen 
is most electron-poor (bluest) and is most acidic. 


more basic (red) H 
TS S 
а À H Imidazole 
N 
H \ 
Н «— most acidic (blue) 
(b) 
H H 
== Н. + H,- 
ONY NN “NN 
Q^ Loses = 
D H N H N H LG 
H H H 
H 
N N 1м 
И, H == JE H 22а: pe H 
AA 
2.19 
нс. CHa CHa CH; CHOH 


only one -ОН group 
CH3 several -OH groups yor хон 
Vitamin А * = polar group Vitamin C 


Vitamin C is water-soluble (hydrophilic) because it has several polar -OH groups that can 
form hydrogen bonds with water. Vitamin A is fat-soluble (hydrophobic) because most of 
its atoms can't form hydrogen bonds with water. 


Visualizing Chemistry 


2.20 Naphthalene has three resonance forms. 


27 


м. 
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2.21 


[buproten 


2.22 Electrostatic potential maps show that the electron-rich regions of the cis isomer lie on the 
same side of the doublc bond, leading to a net dipole moment. Because the electron-rich 
regions of the trans isomer are symmetrical about thc double bond, the individual bond 
dipole moments cancel, and the isomer has no overall dipole moment. 


net dipole moment zero dipole moment 
‘ebay a 
\ / \ / 
ее с=с 
/ \ / N 
H H H СІ 
cis- 1.2-Dichloroethylene trans-i.2-Dichloroethylene 
2.23 (a) (b) 
NH, 
N м, 
( xj 
м 5 
à N 
H 
Adenine Cytosine 


Mechanism Problems 


2.24 
(a) 
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(b) 
| 


(c) 


(3) 
* s i 
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2.26 
(а) ^ 
+ к 
Pub. з t 99 
22 “Мн, “У “ун, 
(b) 
(c) 
2.27 
(а) 
(b) 
(c) 
HC H2C 
Additional Problems 


Electronegativity and Dipole Moments 
2.28 Use Figure 2.2 if you need help. The most electroncgative element is starred. 


* * * * 
(a) СНЕС (b) FCH2CH2CH2Br (c) HOCHoCH:NH? (d) CH3O0CH2Li 
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2.29 More polar Less polar 
НС — Cl Ci Cl 
(a) 
+ ò- 
ò+ Ò- oe А+ 
-——L- tte, 
(c) HO г: CHa (CH3)3Si T Сн» 
oe 9+ oc ó— 
(d) Li — OH Н.С —Li 
5+ > ò- 9+ 
2.30 (а) (б) (с) (d) 
OH OH ii no dipole 
no ed 2 | HO OH moment 
M : | т CY 2 : „ОН 
HO > 


2.31 (a) In Section 2.2, we found that x = Ох ғ. For a proton and an electron scparated by 100 
pm, д = 4.80 D. If the two charges are separated by 136 рт, д = 6.53 D. 


(b) Since the observed dipole moment is 1.08 D, the Н-СІ bond has (1.08 D/ 6.53 D) x 
100 % = 16.5 % ionic character. 


2.32 In phosgene, the individual bond polarities tend to cancel, but in formaldehyde, the bond 
polarities add to each other. Thus, phosgene has a smaller dipole moment than form 


aldehyde. 
О О 
|i! 14 
С С 
с xg н? NH 


Phosgene Formaldehyde 


2.33 The magnitude of a dipole moment depends on both charge and distance between atoms. 
Fluorine is more electronegative than chlorine, but a C—F bond is shorter than a C-Cl bond. 
Thus, the dipole moment of CHF is smaller than that of CH3Cl. 


2.34 The observed dipole moment is due to the lone pair electrons on sulfur. 
Tom 
H aC —SH 
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Formal Charges 


2.35 To save space, molecules are shown as line-bond structures with lone pairs, rather than as 
electron-dot structures. 


(a) X M 6 
(CH3)20 —BF3 Oxygen: FC = 6— 5- -2 = +l 
Boron: НС = 3 5 02-1 
(b) e a2 | » 6 
НС —М ÆN: Carbon; FC = 4- 7-2 = -i 
Nitrogen l: FC = 5 – $ -0 = +] 
Nitvagen 2: FC = 5- o. -2=0 
(c) GAs Carbon: FC = 4 £ 2 = ~] 
MTE ent Phosphorus: FC = 5 – i —0 = +l 
CH3 ^ 
NN. 
(d) HC =N —N: Carbon: ЕС = 4- ЕР —0 = 0 
Nitrogen |: FC = 5 – E -0 = +l 
Nitrogen 2: FC = 5- 4 -4 = -i 
(e sb чулу 4 
:10=0-—0: Oxygen 1: FC = 6- Es -4=0 
Oxygen 2: FC = 6- L -2 = +] 
Oxygen 3: FC = 6 – = -6 = -l 
(0 \ г Nitrogen: FC = 5- = -0 = +} 
и È 2 
N—O: A 
T. ^ 
ы Oxygen: FC 2 6- 5 -0 = -| 
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2.36 Asin Problem 2.31, molecules are shown as line-bond structures with lone-pair electrons 
indicated. Only calculations for atoms with non-zero formal charge are shown. 


5 
(a) Sa. Oxygen: FC = 6- 2 -6 =- 
HeaC—N—O: d 28 | 
S E. Nitrogen: FC = 5- E -Ü = +} 
CHa z 
(b) Ll. 3-73 Nitrogen I: FC = 4 3 4 = —1 
HgC—N—N=N: a 
Nitrogen 2: FC = 5- 5- -0 = 41 
Nitrogen 3: FC = 5 – 2 -2 = 0 
TEE: Е ae | 
(©) oe eS Nitrogen |: FC = 5- 2. -2 = Ü 
H3C—N =N =N: 2 
Nirogen2: PC = 5- È -6 = 41 
m albeit OI a 
Nirogen3: FC = 5- -~ -4 = -i 


Resonance 


2.37 Resonance forms do not differ in the position of nuclei. The two structures in (a) are not 
resonance forms because the positions of the carbon and hydrogen atoms outside the ring 
are different in the two forms. 


27 


ah not resonance structures 


"is 


The pairs of structures in parts (b), (c), and (d) represent resonance forms. 


2.38 
(a) Е 
:O: О 
Qu C 
нс” “Сн, Hic ТЕНЬ 
b = „Н 
(b) 2s 2. 
< 
М. H 
H 
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(c) МН» + NHo МН? : NHo 
г. „Оз ec oce LN ы 
HoN МН HoN МН, HoN NH» HoN NH» 


The last resonance structure is a minor contributor because its carbon lacks a complete 
electron octet. 


(d) zx cup FE 
H3C—S — CH» cwm H4C—S — СН? 


е + + 
(e) HoC =CH —CH —CH —CH —CH4 -—-  H5C—CH —CH —CH =CH —CHa 


+ 
T— H5C —CH =CH —CH —CH —CH3 


2.39 The two structures are not resonance forms because the positions of the carbon atoms are 
different in the two forms. 


Acids and Bases 
2.40 


CHOH + на === CHOH} + СГ 


CH4OH + Ма’ NH, <= CH4O: Nat + :NH 
Зх ae 2 3T 3 


2.41 
O 203 (Qi 
ti I | 
C H Сс. чо» С 
UU DL epe. on Pep cp 
их у“ " их А 
н Н H H н Н 


The O-H hydrogen of acctic acid is more acidic than the C-H hydrogens. The -OH oxygen 
is electronegative, and, consequently, the -O-H bond is more strongly polarized than the 
—C-H bonds. In addition, the acetate anion is stabilized by resonance. 


2.42 
(а)  ., " (b) HH. () H:B':H 
: Ве: Al: Br: H:C:C: М:Н d 
“Вг: H HH 
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2.43 


Chapter 2 


(f) 


~ 

©, 
т 
т 


dps. 
ото: 
“Cl: 


I 
e Tl e 
I 
о 
. 


bo 5H 
H 


The Lewis acids shown below can accept an electron pair either because they have a vacant 
orbital or because they can donate Н“. The Lewis bases have nonbonding electron pairs. 


Lewis acids: — AlBra. ВНЗ. НЕ, TiCig 


Lewis bases: CH3CH2NHz, Ha3C-—S — СНз 


(a) 


(b) 


CH3OH + Н2504 <= CH4OH?' + HSO4 


stronger — stronger weaker weaker 
base acid acid base 


CH,0H + МаМН> == CH40 Ма" + NH, 


stronger stronger weaker weaker 
acid base base acid 
СНМНа* СГ + NaOH =- CHaNHs + НО + NaCl 
stronger stronger weaker weuker 


acid base base acid 


2.44 The substances with the largest values of pKa are the least acidic. 
Least acidic мюЮм»—д м Most acidic 


О О 
Н ll 


Q О 
| li 
CH34CCH5 « ( So. < CH3CCH CCH, < CH4COH 


= 193 pK, = 99 pK, = 9 pKy = 4.76 


2.45 To react completely (> 99.9%} with NaOH, an acid must have а рК» at least 3 units smaller 
than the pKa of H20. Thus, all substances in the previous problem except acetone react 
completely with NaOH. 


2.46 The stronger the acid (smaller pKa), the weaker its conjugate base. Since NH4 is a stronger 
acid than CH:NH:*, CH3NH? is a stronger base than NH3. 
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2.47 
Ж (n 
сео K + HO —— нс—0—Он + K* OH 
Сн» CHa 
stronger acid weaker acid 


The reaction takes place as written because water is a stronger acid than tert-butyl alcohol. 
Thus, a solution of potassium /ert-butoxide in water can't be prepared. 


2.48 
— О == О 
ч ‚ = re | | ч f А |! 
. * H .. „© «E ux _ fF C 
N 4 / О CHa \ | о “сна 
E 
2.49 (a) Acetone: K, 25x 10 (b) Formic acid: К, =1.8 x 107 


2.50 (a)  Nitromethane: pK, =10.30 (b) Acrylic acid: pK, = 4.25 


2.51 
ЧИГЕ ‚ Ka ; 
Formic acid + НО Z—* Formate" + НОТ 
| 0.050 M] Ix] ix] 
K, 2 18x10 = uu. 
0.050 — x 


If you let 0.050 — x = 0.050, then x = 3.0 х 10? and pH = 2.52. If you calculate x exactly 
using the quadratic equation, then x = 2.9 x 10? and pH = 2.54. 


2.52 Only acetic acid will react with sodium bicarbonate. Acetic acid is the only substance in 
Problem 2.40 that is a stronger acid than carbonic acid. 


€ 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


40 Chapter 2 


General Problems 


2.53 In maleic acid, the individual dipole moments add to produce a net dipole moment for the 
whole molecule. The individual dipole moments in fumaric acid cancel, resulting in a zero 
dipole moment. 


HO—C сон HO-C Н 
УКТА ae: 
н H сон 
4 
о 
Maleic acid Fumarie acid 


2.54 Sodium bicarbonate reacts with acetic acid to produce carbonic acid, which breaks down to 
form CO». Thus, bubbles of CO» indicate the presence of an acid stronger than carbonic 
acid, in this case acetic acid, as the pK; values indicate. Phenol does not react with sodium 
bicarbonate. 


2.55 Reactions (a) and (c) are reactions between Brousted-Lowry acids and bases; the stronger 
acid and stronger base are identified. Reactions (b) and (d) occur between Lewis acids and 


bases. 
+ 
(8) CH30H + H' — — СНОН» 
base acid 
(b) “Ti 
Q " e 
CHsCCH3 + Ше > CH3CCH3 
base acid 
(c) О 
H H 
H Н + NaH ——- H 
acid base 
(d) H н TBH 
| и 3 
N N 
+ ВН. [a d è 
О О 
Базе acid 
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2.56 Pairs (a) and (d) represent resonance structures; pairs (b) and (c) do пог. For two structures 
to be resonance forms, all atoms must be in the same positions in all resonance forms. 


2.57 
(a) ae (б) + . — T + sa 
E :0: 0=0-0: =_= :0—-0=0 
НС N €— H3C—N, 
о:- О 
(с) gs — 


* “+ E ^ 
HoC=N=N: -——— HoC~N=N: 


2.58 The cation pictured can be represented by two resonance forms. Reaction with water can 
occur at cither positively charged carbon, resulting in two products. 


H OH 
2С. гОНә БЕ с. „сн " 
2 2 
b | 
H H 
| + н.о i a 
С CH С H3OH 
Hac ^ “с” Е == нас” “7 + Ht 
H H 
2.59 
@ oi (D ХИ (c) 5-0 (d) — 
| orc. M i —C=N 
OLE Pd SOH ob б- ^+ M 
“м, Дан, 
2.60 
+ gN +N: ZN HON 
о ves ` N? Ns 
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2.61 
TH :0: :0: :0: ni 
А8 „©: T * а 
4% ча e а-н =_ | | ча m 
H H JS 
When phenol loses a proton, the resulting anion is stabilized by resonance. The methanol 
anion is not stabilized by resonance. 
2.62 
В; ° RS 
| “я 


| x NH» | 
| s^ “м Z `N | 
|. w^ m eM ud 

Bs N CH3 


a O—8—0-P—OCHCH, C 


p^ ^g 
р NH» ` 
-1-: 
+1 
s/w 2 ^N | 
NE e 
710—5 —0—Р—0снсн, Gag ж MSc 
oo (gn 


2.63 (a) The central carbon of carbonate ion is sp? and trigonal planar. The three t 


forms contribute equally to the overall resonance hybrid. Thus, the molec 


esonance 
ule has no 


dipolc. 

Pis s JH TH 
= ве oo — — + IN s "^ += 
i “OF 1:97 №01 07 `0: 
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(b) The oxygen is sp? hybridized and tetrahedral. Therefore, there is a dipole pointing 
towards the lone pairs. 


LÀ 

$ 
~ 

.. $ 
N 


a^ m О 
oe dca" 
H3C СНз 
(c) The carbocation is зр? hybridized and trigonal planar. Thus, there is no dipole. 
СНз 
+ 
С(СНз)з pom 
НС” * “СНз 


2.64 The equilibrium always favors the weaker acid/base pair (acid with the higher рКа) 
(а) 


43 


© Q 
OH CÓ; д сон 
| + | | — — | | + | 


pk, 93 pK, 4.2 
(b) 
© О 
CH3CH;CH;0H * МН, ——== CH4CH;CH;O + NH3 
pK, 16.1 pK, 36 
The “a” in рКа here should be subscript. 
(c) 
© 
СНз + CH3NO; ——— CH4 + CH2NO2 


pKa 10.3 pK, 60 
The “a” in pXa here should be subscript. 
2.65 (a) London dispersion forces 
(b Hydrogen bonding 


(c) Hydrogen bonding causes the carboxylic acids interact with one another and that 
force is stronger than the dispersion forces between acetic acid and oil. 
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2.66 


(а) P diis. oc ^ (b) "o` (с) 


(d) d [5^ 


2.67 Being more electronegative than carbon, the three chlorine atoms inductively remove 
electron density from the carbon atom to which they are all attached. This effect propagates 
down the chain, ultimately reducing the electron density on the oxygen. This makes the 
oxygen-hydrogen bond weaker and the molecule morc acidic. 


p» \ p 
DON ON 


ИК H 
H H 
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Major Topics Covered (with vocabulary:) 


Atomic Structure: 
atomic number mass number wave equation orbital shcll node electron configuration 


Chemical Bonding Theory: 

covalent bond Lewis structure lone-pair electrons lme-bond structure valence-bond theory 
sigma (c) bond bond strength bond length molecular orbital theory bonding MO 
antibonding MO 


Hybridization: 
sp? hybrid orbital bond angle  sp^ hybrid orbital pi(z)bond sp hybrid orbital 


Polar covalent bonds: 
polar covalent bond  electronegativity (EN) electrostatic potential maps inductive effect 
dipole moment formal charge dipolar molecule 


Resonance: 
resonance form resonance hybrid 


Acids and Bases: 
Brensted-Lowry acid  Bronsted-Lowry base conjugate acid conjugate base acidity constant 
Ка рКа organic acid organic base Lewis acid Lewis base 


Chemical Structures: 
condensed structure skeletal structure space-filling models — ball-and-stick models 


Types of Problems: 
After studying these chapters you should be able to: 


— Predict the ground state electronic configuration of atoms. 

- Draw Lewis electron-dot structures of simple compounds. 

– Predict and describe the hybridization of bonds in simple compounds. 
– Predict bond angles and shapes of molecules. 


— Predict the direction of polarity of a chemical bond, and predict the dipole moment of a 
simple compound. 


- Calculate formal charge for atoms in a molecule. 
– Draw resonance forms of molecules. 
– Predict the relative acid/base strengths of Brensted acids and bases. 
— Predict the direction of Bronsted acid/base rcactions. 
— Calculate: pKa from Ka, and vice versa. 
pH of a solution of a weak acid. 
~ Identify Lewis acids and bases. 
- Draw chemical structures from molecular formulas, and vice versa. 
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Points to Remember: 


ы In order for carbon, with valence shell electron configuration of 2522р?, to form four sp? 
hybrid orbitals, it is necessary that one electron be promoted from the 25 subshell to the 2p 
subshell. Although this promotion requires energy. the resulting hybrid orbitals are able to 
form stronger bonds, and compounds containing these bonds are more stable. 


* — Assigning formal charge to atoms in a molecule is helpful in showing where the electrons 
in a bond are located. Even if a bond is polar covalent, in some molecules the electrons 
"belong" more to one of the atoms than the other. This “ownership” is useful for predicting 
the outcomes of chemical reactions, as we will see in later chapters. 


* Resonance structures are representations of the distribution of z and nonbonding electrons 
in a molecule. Electrons don't move around in the molecule, and the molecule doesn't 
change back and forth, from structure to structure. Rather, resonance structures are an 
attempt to show, by conventional line-bond drawings, the electron distribution of a 
molecule that can't be represented by any one structure. 


* As in general chemistry, acid-base reactions are of fundamental importance in organic 
chemistry. Organic acids and bases, as well as inorganic acids and bases, occur frequently 
in rcactions, and large numbers of reactions are catalyzed by Brensted acids and bases and 
Lewis acids and bases. 


Self-Test: 
Hs 
ў О Е 
O p 
ZN 
C Е Е 
N 
Сз | о 
N Pd C < K Н 
Oo. Нас | CH, 
CHa H N—N 
А В C 
Ricinine Oxaflozane 1.3,4-Oxadiazole 
(a toxic component (an antidepressant) 


of castor beans) 


For А (ricinine) and B (oxaflozane): Add all missing electron lone pairs. Identify the 
hybridization of all carbons. Indicate the direction of bond polarity for all bonds with 
AEN > 0.5. In each compound, which bond is the most polar? Convert А and B to molecular 
formulas. 


Draw a rcsonance structure for B. Which atom (or atoms) of B can act as a Lewis base? 


Add missing electron lone pairs to С. Is it possible to draw resonance forms for C? If so, 
draw at Icast one resonance form, and describe it. 
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Multiple Choice: 
1. Which element has 4524р? as its valence shell electronic configuration? 
(а) Ca (b C (А (d)Ge 
2. — Which compound (or group of atoms) has an oxygen with a +1 formal charge? 
(a) NOs- (b) Оз (c) acetoneanion (d) acetate anion 
The following questions involve these acids: (1) HW (pKa = 2); (1) HX (pKa = 6); 
(ii) HY (А. = 10}; (tv) HZ (pKa = 20). 
3. | Which of the above acids react almost completely with water to form hydroxide ion? 
(a) none of them (b)allofthem | (c) HY and HZ (d) HZ 
4. Тһе conjugate bases of which of the above acids react almost completely with water to 
form hydroxide ion? 
(а) none of them (b) all ofthem (c) HZ. (d) HY and HZ 
5. If you want to convert HX to X , which bases can you use? 
(а) W (bY (92 (dY oZ 
6. Ifyou add equimolar amounts of HW, Х and HY to a solution, what are the principal 
species tn the resulting solution? 
(а) HW, HX, HY (b)W,HX,HY (c)HW,X,HY (d)HW,HX, Y- 
7. What is the approximate pH difference between a solution of 1 M HX and а solution of 
І М HY? 
(а) 2 (b)3 (с)4 (96 
8.  Ifyou wanted to write the structure of a molecule that shows carbon and hydrogen atoms 
as groups, without indicating many of the carbon-hydrogen bonds, you would draw a: 
(a) molecular formula (b) Kekulé structure (c) skeletal structure (d) condensed structure 
9. | Which of the following molecules has zero net dipole moment? 
(a) Н 2 (Ь) H e (c) H e (d) Ci x (a 
с=с С=с С=С C=C 
РА \ / \ / \ / \ 
СІ H H СІ H H H H 
10. In which of the following bonds is carbon the more electronegative element? 


(a) C—Br (b)C—I ()C—P (dC—S 
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Chapter 3 – Organic Compounds: Alkanes and Their Stereochemistry 


Chapter Outline 


1. Functional Groups (Section 3.1). 


A. Functional groups arc groups of atoms within a molecule that have a characteristic 
chemical behavior. 


B. The chemistry of every organic molecule is determined by its functional groups. 
C. Functional groups described in this text can be grouped into three categories: 
1. Functional groups with carbon-carbon multiple bonds. 
2. Groups in which carbon forms a single bond to an electronegative atom. 
3. Groups with a carbon-oxygen double bond. 
II. Alkanes (Sections 3.23.5). 
A. Alkanes and alkane isomers (Section 3.2). 
1. Alkanes are formed by overlap of carbon sp’ orbitals. 
2. Alkanes are described as saturated hydrocarbons. 
a. They are hydrocarbons becausc they contain only carbon and hydrogen. 
b. They are saturated because all bonds are single bonds. 
c. The general formula for alkanes is CxH2n12. 
3. Foralkanes with four or more carbons, the carbons can be connected in more than 
one way. 
a. Ifthe carbons arc in a row, the alkane is a straight-chain alkane. 
b. Ifthe carbon chain has a branch, the alkane is a branched-chain alkane. 


4. Alkanes with the same molecular formula can exist in different forms known as 
isomers. 
a. Isomers whose atoms are connected differently are constitutional isomers. 
i. Constitutional isomers are always different compounds with different 
properties but with the same molecular formula. 
b. Most alkanes can be drawn in many ways. 


5. Straight-chain alkanes are named according to the number of carbons in their 
chain. 


B. Alkyl groups (Scction 3.3). 


1. An alkyl group is the partial structure that results from the removal of a hydrogen 
atom from an alkane. 


а. Alkyl groups are named by replacing the -ane of an atkane name by -yl. 


b. n-Alkyl groups are formed by removal of an end hydrogen atom of a straight 
chain alkane. 


c. Branched-chain alkyl groups аге formed by removal of a hydrogen atom from an 
internal carbon. 
i. The prefixes sec- and tert- refer to the degree of substitution at the branching 
carbon atom. 
2. There are four possible degrees of alkyl substitution fot carbon. 
a. A primary carbon is bonded to one other carbon. 
b. A secondary carbon is bonded to two other carbons. 
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А tertiary carbon is bonded to three other carbons. 
А quaternary carbon is bonded to four other carbons. 
The symbol R refers to the rest of the molecule. 


3. Hydrogens are also described as primary, secondary and tertiary. 


a. 
b. 


C. 


Primary hydrogens are bonded to primary carbons (RCH:). 
Secondary hydrogens are bonded to secondary carbons (R2CH2). 
Tertiary hydrogens are bonded to tertiary carbons (ВзСН). 


C. Naming alkanes (Section 3.4). 
1. The system of nomenclature used in this book 1s the IUPAC system. 
In this system, a chemical name has a locant, a prefix, a parent and a suffix. 


1. The locant shows the location of substituents and functional groups. 
и. The prefix indicates the type of substituent or functional group. 

iii. The parent shows the number of carbons in the principal chain. 

iv. The suffix identifies the functional group family. 


2. Naming an alkane: 


a. 


Find the parent hydrocarbon. 


i. Find the longest continuous chain of carbons, and use its name as the parent 
name. 

ii. If two chains have the same number of carbons, choose the one with more 
branch points. 

Number the atoms in the parent chain. 

i. Start numbering at the end nearer the first branch point. 

ii. If branching occurs an equal distance from both ends, begin numbering at the 
end nearer the second branch point. 


Identify and number the substituents. 


i. Give each substituent a number that corresponds to its position on the parent 
chain. 

и. Two substituents on the same carbon receive the same number. 

Write the name as a single word. 

i. Use hyphens to separate prefixes and commas to separate numbers. 

ii. Use the prefixes, di-, tri-, tetra- if necessary, but don't use them for 
alphabetizing. 

Name a complex substituent as if it were a compound, and set it off within 

parentheses. 

i. Some simple branched-chain alkyl groups have common names. 

ii. The prefix iso is used for alphabetizing, but sec- and tert- are not. 


D. Properties of alkanes (Section 3.5). 
1. Alkanes are chemically inert to most laboratory reagents. 
2. Alkanes react with О? (combustion) and СЪ (substitution). 
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4. 


The boiling points and melting points of alkanes increase with increasing 
molecular weight. 


a. This effect is due to weak dispersion forces. 
b. The strength of these forces increases with increasing molecular weight. 
Increased branching lowers an alkane's boiling point. 


Ш. Conformations of straight-chain alkanes (Sections 3.6-3.7). 
А, Conformations of ethane (Section 3.6). 


1. 


Rotation about a single bond produces isomers that differ in conformation. 


a. These isomers (conformers) have the same connections of atoms and can't be 
isolated. 


These isomers can be represented in two ways: 
a. Sawhorse representations view the C-C bond from an oblique angle. 


b. Newman projections view the C-C bond end-on and represent the two carbons as 
a circle. 


There is a barrier to rotation that makes some conformers of lower energy than 

others. - 

a. The lowest energy conformer (staggered conformation) occurs when all С-Н 
bonds arc as far from each other as possible. 

b. The highest energy conformer (eclipsed conformation) occurs when all C-H 
bonds are as close to each other as possible. 

c. Between these two conformations lie an infinite number of other conformations. 

The staggered conformation is 12 kJ/mol lower in energy than the eclipsed 

conformation. 

a. This energy difference is due to torsional strain from interactions between C-H 
bonding orbitals on one carbon and C-H antibonding orbitals on an 
adjacent carbon, which stabilize the staggered conformer. 
The torsional strain resulting from a single С-Н interaction is 4.0 kJ/mol. 

с. The barrier to rotation can be represented on a graph of potential energy vs. angle 
of rotation (dihedral angle). 


B. Conformations of other alkanes (Section 3.7). 


l. 


2; 


Conformations of propane. 
a. Propane also shows а barrier to rotation that is 14 kJ/mol. 
b. The eclipsing interaction between a C-C bond and a С-Н bond is 6.0 kJ/mol. 
Conformations of butane. 
a, Not all staggered conformations of butane have the same energy; not all eclipsed 
conformations have the same energy. 
i. Inthe lowest energy conformation (anti) the two large methyl groups are as 
far from each other as possible. 
ii. The eclipsed conformation that has two methyl-hydrogen interactions and a 
H-H interaction is 16 kJ/mol higher in energy than the anti 
conformation. 
iii. The conformation with two methyl groups 60° apart (gauche conformation) is 
3.8 kJ/mol higher in energy than the anti conformation. 
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(а). This energy difference is due to steric strain — the repulsive interaction that 
results from forcing atoms to be closer together than their atomic 
radii allow. 
iv. The highest energy conformations occur when the two methyl groups are 
eclipsed. 
(a). This conformation is 19 kJ/mol less stable than the anti conformation. The 
value of a methyl-methyl eclipsing interaction is 11 kJ/mol. 
b. The most favored conformation for any straight-chain alkane has carbon-carbon 
bonds in staggered arrangements and large substituents anti to each other. 
c. Atroom temperature, bond rotation occurs rapidly, but a majority of molecules 
adopt the most stable conformation. 
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Solutions to Problems 


3.] Notice that certain functional groups have different designations if other functional groups 
are also present in a molecule. For example, a molecule containing a carbon-carbon double 
bond and no other functional group is an alkenc; if other groups are present, the group is 
referred to as a carbon-carbon double bond. Similarly, а compound containing a benzene 
ring, and only carbon- and hydrogen-containing substituents, is an arene; if other groups 
present, the ring ss labeled an aromatic ring. 


(a) sulfide carboxy tie (b) COH 
у О 4^ wid Me carboxylic 
il CH4 acid 
CH4SCH3CH5CHCOH ; 


ре aronmulic 


МН; «— amine d ring 
Methionine Ibuprofen 
(c) ether Q amide C-C double bond 
a~ “ 
L9 LI СН 
HC ; | ИЕ 
alcohol — H CHa 
HO К 
a 
aromatic тир Capsatcin 
3.2 
(a) CH4OH (b) M CH3 (с) © (4) CH4NH; 
Methanol СТ CH4COH Meihylamine 
EX А : 
№ Acetic acid 
l'oluene 
(e) q (0 ANZ 
CH4CCH;NH " | 
i е ] 3- Butadiene 
Aminoacetone 
3.3 
| CH, 
anne Q 
H 
V, ban oer 
НС GC. „с * 
N^ "c^ ^o 
H Aiie s 
CC. CO. C-C double bond 
P х 
H С H 
£N 
H н Arecoline CgH43NO» 


+ 2016 Congage Learning. All Rights Reserved Мау not be scanned. copied of duplicated. oc раче wr a publicly accessible website, i whole oi in part. 


Organic Compounds: Alkanes and Their Stereochemistry 53 


3.4 We know that carbon forms four bonds and hydrogen forms one bond. Thus, draw all 
possible six-carbon skeletons and add hydrogens so that all carbons have four bonds. To 
draw all possible skeletons in this problem: (1) Draw the six-carbon straight-chain skeleton. 
(2) Draw a five-carbon chain, identity the different types of carbon atoms on the chain, and 
add а -CH; group to each of the different types of carbons, generating two skeletons. (3) 
Repeat the process with the four-carbon chain to give rise to the last two skeletons. Add 
hydrogens to the remaining carbons to complete thc structures. 


бе ik 
CH3CH5CH5CH3CH4CH5 CHaCH5CHaCHCH3 CHaCH2CHCH3CHs 
ре ре 
снзснгССнз CHaGHCHCHs 
CH3 СНз 


3.5 (a) Nie isomeric esters of formula CsH19O2 can be drawn. The procedure is described in 


Problem 3.4. 
1 i 
CH3CH»CH COCHs CHSCHCOCH; CHgCH»COCH CH, 
CH3 
[| TN te f 
CH4COCH5CH5CHs; CH3COCHCH, HCOCH3CHoCH5CH; 
р р MES e 
HCOCHCH3CHs HCOCHsCHCH, HCOCCH; 
СНз 
(b) Two isomers can be drawn. 
or 
CH3CH»CH,C=N and | CH4CHC EN 
(c) Three isomers can be drawn. 
CH4CH;SSCH30Hs CH4SS8CH5CH5CHa CH3SSÇHCH3 
СНз 
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3.6 (a) Two alcohols have the formula C3HsO. 


en 


CH3CH5;CH5;OH and CH4CHCH3 


(b) Four bromoalkanes have the formula СаНэВг. 


id CHa er 
CHSCH;CH;CHoBr ^ CHgCHpCHCH, Снаснснгвг CHa CCH 
CH3 


(c) Four thioesters have the formula C4HsOS. 


f Пт 
CH3CH2CSCH3 CH3CH2SCCH3 HCSCHCH3 HCSCH5CH5CHa 
3.7 
CH&CH;CH;CHCH, 2- CHSCH; CH, CH T- онусн;он-{— CHaCH2CHCHp $= 
CHa сносна СНз 
Сна сн Chs 
CH3CHCH2CH CH3CH с CH3CHCH CH3CCH 
ei 4 ponz HJEK ES aC ‚= 
CH3 CH3 СН. СНз 
3.8 
(a) р (b) ря р (с) р р 
CH3 CH3ÇHCH; СНз СНз 
CH4CHCHCHaCH3 CHa CH>CHCH3CH3 СНаСНСН»-С—СНз 
ps s p рз п ур pots Ч p 
CH3 


р 


3.9 The carbons and the attached hydrogens have the same classification. 


(a) p (b) pop (c) p p 
CHs CH3ÇHCHg CHa Cha 
pts s p ps cs p pts | p 
CH3 
p 
3.10 
о Ы O a fh 
dc i CH3CH2CHCH2CH3 ВЕТ 
CH3 ` СН 
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3.11 (а) 
qn үз 
CH4CH3CH5CH3CHs CH3CH2CHCH3 CHgCCHs 
CH3 
Pontane 2-Methy butane 2.2-Dimethyipropane 


(b) Step /; Find the longest continuous carbon chain and use it as the parent name. In (b), 
the chain is à pentane. 
Step 2: Identify the substituents. In (b), both substituents are methyl groups. 
Step 3: Number the substituents. 1n (b), the methyl groups are in the 2- and 3- 
positions. 
Step 4: Name the compound. Remember that the preftx di- must bc used when two 
аге the same. The IUPAC name is 2,3-dimethylpentane. 


CH3 


3 43 2 ] 
СНзС а — Сн; 2.5-DimethyIpentane 


CH3 
(c) нз (4) СН 
(CHa4)4CHCH5CHCHs (CHaJ4CCHaCHaCH 
CH, 
2 J-Dimethylpentane 22. 5-Trimethylhexane 


3.12 When you are asked to draw the structure corresponding to a given name, draw the parent 
carbon chain, attach Ше specified groups to the proper carbons, and fill in the remaining 


hydrogens. 
(a) GH (b) Chg 
CHaCHsCHaCHaCHaCHCHCH2CHg CH; CHaCHaC — CHCH2CHg 
CH; СНз СН2СНЗ 
35 4-Dimethylnonane 3-FEthyl-4:4-dimerhyillheptane 
(c) Оа 26 (а) тз Нз 
CH4CH3CH3CH5CHCH»C(CH4)4 CH,CHCH;CCHs 
СН 
2 2-Dimethyl-4-propy loctane 23 4-Trimethy [pentane 
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3.13 
CH4CH5CH5CH5CH CH4CH4CH4CH CH4CH5CHCH CHCHCH CH 
эСнесносносн» $- 4CH, CH, cH 4 зен; 2$ зснонәсн- 
CH3 CHa CH3 
Репгу! I-Methylbutyl 2-Mcethylbutyi 3-Мей Ibutsl 
СНз сн: сна 
CH5CH5C CH3CHCH CH ссн CH3CHeCH 
сњ ^ хна case db О оњанин 
CH бн; CHaCHa 


NI NULLUM, I2-Dimethylpropy] — 2.2-Dimethylpropy! — 1-Ethylpropyl 


3,3 4. S- Tetramethylheptane 


3.15 The graph shows the energy of a conformation as a function of angle of rotation. 


i il 4 kJ/mol 
Energy d 


1 = i H i 
(1 60* PHF 1307 240* 300* ЕТИ 
Angle of Rotation 
A MuR 
A, H a HHH HH H HH H 
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3.16 
(a) 
CH3 The most stable conformation 15 staggered 
H H and occurs at 60°, 180°, and 300°. 
H CH 
H 3 
(b) 
СН, 6.0 kJ/mol The least stable conformation is eclipsed and 
H occurs at 0°, 120°, 240? | and 360°. 
4.0 kJ/mol 6.0 kJ/mol 
(c), (d) 
16 kJ/mol 
Lnerpy 
0° 60° 120° 180? 240° Дар“ Ma 
3.17 
CH3 

This conformation of 2,3-dimethylbutane is 

НАС H e 
the most stable because it is staggered and has 
the fewest CH3-9CH: gauche interactions. 

H СНз 


3.18 The conformation is a staggered conformation in which the hydrogens on carbons 2 and 3 
are 60° apart. Draw the Newman projection. 


CH, 38 kJ/mol 


L 3.8 kJ/mol 


3.8 kJ/mol 
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The Newman projection shows three gauche interactions, each of which has an energy cost 
of 3.8 kJ/mol. The total strain energy is 11.4 kJ/mol (3 х 3.8 kJ/mol). 


Visualizing Chemistry 


3.19 
(a) О (b) Нз H апе 
T mune | РА 
CH;GH — С = carboxylic М. |. CH9N(CHaCHa) 
| OH acid C \ 


у NH» {| 
аготайс | cü amme 
rne amine и PESE 3 
aromatic 
Phenylalanine CgH41NO2 ring 


Lidocaine C44H229N50 
3.20 


3.3, 5-Trimeibylheptane 


3-Lthy]-2-methylpentane 


22 A- rimethylpentane 4-Isopropyl-2-methy heptane 
3.21 


HO H In this conformation, all groups are staggered 
and the two methyl groups are 180? apart. 
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Additional Problems 


Functional Groups 


3.22 
(a) СНОН (5) О 
alcohol № ketone 
| |^ NHCH3 
29 == НЕР od 


C-C double 


aromatic amine 
bond 


ring 


(с) H amide (d) carboxylic 
| 


o uf acid 


ысы [ 
i CH3CHCOH 
CH3 і 
{ МН. 


aromatic 4 
nng: amine 
(e) C-C double (f) carboxylic 
bond М | acid chloride 
ketone SQ | ye 
N РА с 
О C-C triple о 
рл | bond 
C-C double 
bond 


3.23 Different answers to this problem and to Problem 3.24 are acceptable. 


(a) О (b) g (с) 
©НзСН›СОН;СН3 CH3CNHCH3CH, CH4COCH5CH5CHs 
(d) 9 (e) о 9 (В HəNCH2CH20H 
с CHaCCHsCOCHsCH, 
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3.24 For (a) and (h), only one structure is possible. 
(a) 0 (b) СёНоМ: CH4CH5CH5CH5C =N 
C4HgO: CH4CCH35CH; 


(c) Ө е (d) С5Н: В: СНАСНЬСН ==СНСН,СН,Вг 
C4HgO»: HCCH5CH5CH 


(e) CgHy4: CH3CH»CHsCHsCH»CH; (f) 
СН: 


(в) С5На: CH3CH=CHCH=CH, (h) о 
CgHgO: HoC =CHCCHCH3 


3.25 
(a) O (b 5р (c) 


3.26 (a) Although it is stated that biacetyl contains no rings or carbon-carbon double bonds, it 
is obvious from the formula for biacety] that some sort of multiple bond must be 
present. The structure for biacetyl contains two carbon—oxygen double bonds. 


(b) Ethyleneimine contains a three-membered ring. 
(c) Glycerol contains no multiple bonds or rings. 


(a) / also possible: ‘ (b) " 


оо ' о б ©, 4 ^ 
H 1] "I n d dg | НС — CH5 


CH3C —CCHg iHCCH;CHSCH HCCH3CCH; / 
; | i | Ethylenemiune 
Biacetyl 
(c) ОН 
HOCH»GHCH20H 


Glycerol 
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3.27 (a) Eighteen isomers have the formula СзНиз. Three are pictured. 


CHaCHaCH3CH3CHoCH2CHaCHg 


C HaCHs GHs СНз 
CHagCHaCH»CHCHsCH3 a - yo 
СНз СНз 


(b) Structures with the formula C4HsO» may represent esters, carboxylic acids ог many 
other complicated molecules. Three possibilities: 


O 
il 


CH34CH5CH5COH 


3.28 


CH3CH5CH5CH;CHSCH;CH, 


Heptane 
Ж 
СнзснгснсСнз 


CH3 


2 2-Dimcethylpentane 
qn 

CHSCH;CCH;CH; 
CH3 

3 ,3-Dimethyipentane 


3.29 (a) 
Br 


| 
CH,CHOHCH; 
CHa 


sae 


T 
CH3CH5COCH4 
» 
CHa4CH;CH5CH;CHCH4 


2-Methylhexane 


CH3 
| 
CHSCH;CHCHCHs 
CH; 
2 3-Dimethylpentane 


CH3CH;CHCH;CH; 
CH2CH3 


3-Ethylpentane 


тз 
CH4C а 
Br 


same 


HOCH>CH =C HCH20H 


i 
CH3CH»CH»CHCH,CH, 
3-Methylhexane 
j^ 
CHgCHCH2CHCH, 


СНз 
2 4-Dimeuiylpentane 


з on 
CH,CH —CCHg 
CH3 


2 3.3-Trimethylbutane 


р 
њува 
Вг 


Same 
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(b) 
Cha CHCH; СНз сн 
^ 
Ню HəCHCH3 ОСН CH4CH5CHCH5CHCH^5OH 
3 ] 6 1 
! CH5OH СНз 
different same same 
(c) 
OH HO HO OH 
OH HO | 
same same different 


Give the number “1” to the carbon bonded to -OH, and count to find the longest chain 


containing the -OH group. 
3.30 The isomers may be either alcohols or ethers. 
үп бнз 79 
OH 
ak 
CH4CH5CH; Бах ОСН. CH4CHCH5 CH4CHo m OCH5CH4 


3.31 First, draw all straight-chain isomers. Then proceed to the simplest branched structure. 


(a) There are four alcohol isomers with the formula СаНюО. 


OH Cha он 
СНЗСН2СНЬСН2ОН ^ CHSCH;CHCHs Снаснснгон Снзсснз 
CHa 
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(b) There аге 17 isomers of CsHi3N. Nitrogen can be bonded to one, two or three alkyl 
groups. 
y. y" 
CH4CH5CH;CHoCHaNH, ^ CH4CH;CHoCHCHa3 = CHaCH5CHCHoCHs 


je aM 
CHSCHCHCHoNH, —— CH4CH;CCHs  CH3CHÇHCHa —— H;NCH;CH;CHCH; 
CHa CH, CH3 CHa 
CHa GH 
CHSCCHoNHa CH4CH5CH2CHoNHCH3 CH3CH;CHNHCHs 
CH3 
т ть ү 


CHsCHCH2NHCH, ^ CHgNHCH,  СЫСН;ОНрМНСН;ОНу ^ CH;CHNHCH;CHs 
CH3 
pe фа үз 
CH3CH2CHəNCH3  CH3ÇHNCH3 СНЗСН2МСНоСНа 
CHg 


(c) There are 3 ketone isomers with the formula CsHi00. 


T T T 
CH34CHpCH2CCH3 CH3CH2CCH2CH3 —— CHSCHCCHs 
CH3 


(d) There аге 4 isomeric aldehydes with the formula CsHioO. Remember that the 
aldehyde functional group can occur only at the end of a chain. 


| R ji тз 
CHSCH2CHSCH;CH CHaÇHCHCH CH;CH;CHCH CHgC— CH 
CH3 CH CH 


(e) There аге 4 esters with the formula C4HsO». 
| T T йт? 
СН»СН»„СОСНн» CH4COCH5CH; HCOCH3CH3CH3 HCOCHCH4 
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(f) There are 3 ethers with the formula C4Hi0O. 


ү 
CH3CH50CH5CH5 СНЗОСНоСН»СНЗ CH30CHCH, 
3.32 
(а) CH3CH20H (b) (Нз (е) T (d) Оз 
CHCC EN CH3CHCH, CH4CHCH;OH 
CHa 
(e) на (f) СНз 
CH3CHOCH; CHaCGHS 
Сн» 
Naming Compounds 
3.33 
or 
CH4CH3CH3CH5CH;5Br CH4CH5CH5CHCH4 CH4CH5CHCH2CH4 
| -Bromopentane 2-Bromopentane 3-Bromopentate 
3.34 
o qu о бо qu 
CH4CHCH5CH;CHCH;CI CHgCHCH2CH2CCH, CHeCHCHpCHCHCHg 
Ci СІ 
I-Chloro-2.5-dimethylhexsane— 2-Chloro-2,5-dimethyihexane.| 3-Chloro-2.5-dimethyl- 
hexane 
3.35 
(a) GHg (b) СН 
CH3CH35CH2CH5CH35CHCH; зва — ОИС 


2-Methylheptane 


(с) үз үз 
©нзСн;©н;Он;С — CHCH5CH3 
CH;CH4 
4-Ethyl-3.4-dimethyloctane 


4Ethyl-2.2-dimethylhexane 
(d) сна CHa 
снзснеснесснеснсн: 
CH, 


244-Trimethylheptane 
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(e) CH3 носна На (f) era MSHS 
CHaCH; CH; CH CHCH;C CHCH, CHgCHaCHaCHCHCH2CHs 
3 3-Diethyl-2 5-dimethy!nonane 4-Isopropyl-3-methyheptane 
3.36 
(a) (Ha (b) T8 (c) CH4CH5CH5CH5CH5CHa 
CH34CHCHs CHaCCHa 
CH3 Hexane 
2-Methylpropane 2 2-Dimethy propane 
3.37 
(a) CHa (b) CH3CH3 
CH3CHCHs Ethane 
2-Methy propane 
3.38 
(a) На (b) Из 
CH3CHCH,CHCH, CHsCH,CCH, 
CH3 


2 2-Dimethylbutane 


2-Methylpentane 
(©. Pag grs (d) ИЕН. eis 
CHgCHCCH,CH CH, CH3CH3CHCH3CH;CHCHs 
CH3 
2.3, 3-'rimethylhexane 5-Ethyl-2-methylheptane 
(e) На (ав (f Fac CH3 
А i a Ына chat us ie HoCH5CHs 
HaC Сн» 


CH3 
2.2 3.3-Tetramethylhexane 


ae pu 


33 5-Trimethyloetane 
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3.39 
Ж ў 
CH4CH5CH5CH5CH5CH4 CH3CH5CH5CHCH4 CH4CH5CHCH2CH4 
Нехапе 2-Methylpentane 3-Methylpentane 
j^ рз 
GHSCHIEC GS о: 
СНз CH, 
2 2-Dimethylbutane 2 3-Dimethylbutane 
3.40 
Structure and Correct Name Error 

(a) (ннз (Hs The longest chain is an octane 

CHsCHCH/CH;CHCOH; and has only methyl branches. 
CH; 

Correct name: 2 2 6-Trimethyloctane 

(b) (Ha The longest chain is a hexane. 
CH4CHCHCHCH2CH3 Numbering should start from the 
1 | 6 opposite end of the carbon chain, 

CH2CH3 nearer the first branch. 

Correct name: 3-Ethyl-2-methylhexane 

(c) (Ha Numbering should start from the 
CH4CH5C — CHCH,CH, opposite end of the carbon chain. 
1 EN 6 See step 2(b) in Section 3.4. 


CH3 СН2СН; 


Correct name: 4-Ethyl-3.3-dimethy[hexane 


(d) Hs CH Numbering should start from the 
CH4CH3CH — CCH5CH3CHaCHs opposite end of the carbon chain. 
t | 8 
Сн» 
Correct name: 3.4 4-Trimethyloctane 
(e) Нз The longest chain is an octane. 
CH,CH,CH;CHCH;CHCH; 
B 
CH4CHCH4 
1 


Correct name: 2,3, 5-Trimethyloctane 
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3.41 
(a) СНОС (b) T 
CHaCCH2CCH2CH3 снснгснснз 
CH3 CH2CHs CH4CH5CH5CH5CH5CHCH2CH2CHoCH2CH3 
4 4-Diethyl-2.2-dimethythexane 6-(3-Methylbutyl)-undecane 

Remember that you must choose an alkane whose 
principal chain is long enough so that the substituent 
does not become part of the principal chain. 

Conformations 


3.42 (a), (b) 
3.8 kJ/mol 7 


THS au 6.0 kJ/mol 
СНз wal ь 
dde dun 
HH H 
C2-C3 bond "s e ы 
4.0 kJ/mol E, 1.0 kJ/mol 
2-Methylbutane Most stable conformation Least stable comformation 


The energy difference between the two conformations is (11.0 + 6.0 + 4.0) kJ/mol - 
3,8 kJ/mol = 17.2 kJ/mol. 


(c) Consider the least stable conformation to be at zero degrees. Keeping the front of the 
projection unchanged, rotate the back by 60° to obtain each conformation. 
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CH 3.8 KJ/mol , . 
‘ie Hee 6.0 КИО! 2 CH3 
" ý HaC „Н 
H CH3 H Eh HCH H CH, 


CHa y E Ра x H 


3.8 kJ/mol 6.0 kJ/moi 6.0 KJ; mol 
at 007: energy = 3.8 kJ/mol at 120°: energy = 18.0 kJ/mol at 180°: energy = 38 KJ/mol 


Soh 11.0 kj/mol CHa: < 3.8 kJ/mol 
РЯ | H СНз 
h 3.8 kJ/mol 
ТҮ “сн H CHa 
A N H 
4.0 KE mol 6.0 Кто 


at 240°: energy = 210 kFmol at 3007: energy = 7.6 Кто! 


Use the lowest energy conformation as the energy minimum. The highest energy 
conformation is 17.2 Кутпо! higher in energy than the lowest energy conformation. 


Energy 
(kJ/mol) 


60* 120* 180° 240° 300? 360* 
Angle of Rotation 
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3.43 Each CH: CH3 gauche interaction has a value of 3.8 kJ/mol. 


CH3 


e 


=3x 3.8 kJ/mol 


a CH3 dem СН 
Hac H H3C сњ н 
H CH H CH H 
CH ; Ў H з 
2 CHsCHs gauche 3 СН; CH; gauche 
=2 x38 kJ/mol =3x38 kJ/mol 
= 7.6 kJ/mol = 114 kJ/mol 


= {!.4kJimol 


3 СН: CH; gauche 


69 


3.44 Since we are not told the values of the interactions for 1,2-dibromoethane, the diagram can 


only be qualitative. 
least stable 


BrBr HH Br H Bry 


Energy 


o 60° 120" 180° 


The anti conformation is at 180°. 
The gauche conformations are at 60°, 300°. 


most stable 


240° 


300° 


Br Br 


360* 


3.45 The eclipsed conformation at 0° rotation has the largest dipole moment but is a high energy 
that js present in low abundance. The anti conformation has no net dipole because the 
polarities of the individual bonds cancel. The gauche conformation, however, has a dipole 
moment. Because the observed dipole moment is 1.0 D at room temperature, a mixture of 


gauche and anti conformations must be present. 
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3.46 The best way to draw pentanc is to make a model and to copy it onto the page. A model 
shows the relationship among atoms, and its drawing shows how these relationships in two 
dimensions. From your model, you should be able to see that all atoms are staggered in the 


drawing. 


3.47 


General Problems 
3.48 


(a) CH4CH5CH5CH5CH5SBr (b) 


(e) 


CH5O0CH4 (c) T 
CH4CHC ÆN 


There are no aldehyde (f) COH 
isomers. However. the 
structure below is a ketone 
isomer. 9 CH; 
H 
CH3CCH3 


3.49 (a) Because malic acid has two -CO2H groups, the formula for the rest of the molecule is 
C2H40. Possible structures for malic acid are: 


1 | 
HOC—CH —COH 
CH3OH 


primary alcohol 


о 
|| 


HOC 77CH50CH; -COH 


T T eel 
HOG Quen -COH ОН D 
OH CH3 
secondary alcohol tertiary alcohol 
о о О Q 
[| II | Н 
HOC — OCH»CH>- COH HOC — OCH— COH 
CH3 


(b) Because only one of these compounds (the second one) is also a secondary alcohol, it 


must be malic acid. 
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To solve this type of problem, read the problem carefully, word for word. Then try to 
interpret parts of the problem. For example: 


О 
==H 


{уе 


1) Formaldehyde is ап aldehyde, en 
2) It trimerizes — that is, 3 formaldehydes come together to form a compound C3H«Os. 
Because no atoms are eliminated, all of the original atoms are still present. 


3) There are no carbonyl groups. This means that trioxane cannot contain any -С=О 
functional groups. If you look back to Table 3.1, you can see that the only oxygen- 
containing functional groups that can be present are either ethers or alcohols. 


4) А топобтото derivative is a compound in which one of the -H's has been replaced 
by a -Br. Because only one monobromo derivative is possible, we know that there 
can only be one type of hydrogen in trioxane. The only possibility for trioxane ts: 


par 
о ^ 
| Trioxane 


CHo 
^o^ 


The highest energy conformation of bromoethane has a strain energy of 15 kJ/mol. Because 
this includes two H-H eclipsing interactions of 4.0 kJ/mol each, the value of an H-Br 
eclipsing interaction is 15 kJ/mol — 2(4.0 kJ/mol) = 7.0 kJ/mol. 


15 kJ/mol 
Energy 
О" 6 120° 180° 2A? 300° 350° 
Вг Br Br Br Br Br Br 
H H H м 
ae ди Аш" А TX, 
HA анн” (| HHH "HH р HHA AHH ù} HH HH 
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Most stable Strain enegy Least stable — Strain energy 


* 38R8kIAmol 2] kJ/mol 


(a) 
| 
H Hy 
(b) 7.6 klimo] 23 kl mo] 
H H 
HaC 
(c) 
"X 
H 
(d) 
HC 
H3C 


CH3 


7.6 kEmol 26 kj/mol 


CH HH 3 CH3 


5? 98 Ку 


CH3 
H 
С! 
CH3 
сн, 
CH; 
CH3 
H 
CHa 3 
vita 15.2 kJ/mol 
CH. Hac fi 
v Р 3 


N 
CH3 CH, 


*most stable overall (least strain) 
*least stable overall (most strain) 
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3.53 


Zocor Ca5H3g05 Pravachol — СозНзвО7 


А alcohol B ester 
C carboxylic acid D C-C double bond (alkene) 


The carboxylic acid and alcohol groups in Pravachol are an ester (lactone) group in Zocor. 
The alcohol at the bottom left of Pravachol is a methyl group in Zocor. 


3.54 A puckered ring allows all the bonds in the ring to have a nearly tetrahedral bond angle. (1f 
the ring were flat, С-С-С bond angles would be 120°.) Also, a puckered conformation 
relieves strain due to cclipsed hydrogens. 


3.55 


НС СНА HC H 


In one of the 1, 2-dimethylcyclohexanes the two methy] groups are on the same side of the 
ring, and in the other isomer the methyl groups are on opposite sides. 
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Chapter Outline 


І. Cycloalkanes - alicyclic compounds - (Sections 4.1—4.2). 
А. Cycloalkanes have the general formula С»Н2», if they have one ring. 
B. Naming cycloalkanes (Section 4.1). 
1. Find the parent. 


a. 


b. 


If the number of carbon atoms in the ring is larger than the number in the largest 
substituent, the compound is named as an alkyl-substituted cycloalkane. 

If the number of carbon atoms in the ring is smaller than the number in the largest 
substituent, the compound is named as a cycloalkyl-substituted alkane. 


2. Number the substituents. 


a. 


b. 
c. 


d. 


Start at a point of attachment and number the substituents so that the second 
substituent has the lowest possible number. 


If necessary, proceed to the next substituent until a point of difference is found. 


If two or more substituents might potentially receive the same number, number 
them by alphabetical priority. 


Halogens are treated in the same way as alkyl groups. 


C. Cis-trans isomerism in cycloalkanes (Section 4.2). 
1. Unlike open-chain alkanes, cycloalkancs have much less rotational freedom. 


a. 
b. 


Very small rings are rigid. 
Large rings have more rotational freedom. 


2. Cycloalkanes have a "top" side and a “bottom” side. 


a. 
b. 


If two substituents are on the same side of a ring, the ring is cis-disubstituted. 
If two substituents are on opposite sides of a ring, the ring is trans-disubstituted. 


3. Substituents in the two types of disubstituted cycloalkanes are connected in the same 
order but differ in spatial orientation. 


a. 
b. 


These cycloalkenes are stereoisomers that are known as cis-trans isomers. 
Cis-trans isomers are stable compounds that can't be interconverted. 


II. Conformations of cycloalkanes (Sections 4.3—4.9). 
A. General principles (Section 4.3). 
1. Ring strain. 


a. 


b. 


А, von Baeyer suggested that rings other than those of 5 or 6 carbons were too 
strained to exist. 

This concept of angle strain is true for smaller rings, but larger rings can be easily 
prepared. 


2. Heats of combustion of cycloalkanes. 


a. 


b. 


To measure strain, it is necessary to measure the tota] energy of a compound and 
compare it to a strain-free reference compound. 


Heat of combustion measures the amount of heat released when a compound is 
completely burned in oxygen. 

i. The more strained the compound, the higher the heat of combustion. 

11. Strain per CH? unit can be calculated and plotted as a function of ring size, 
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c. Graphs show that only small rings have serious strain. 
3. The nature of ring strain. 
a. Rings tend to adopt puckered conformations. 
b. Several factors account for ring strain. 
i. Angle strain occurs when bond angles are distorted from their normal values. 
ii. Torsional strain is due to eclipsing of bonds. 
iii. Steric strain results when atoms approach too closely. 
B. Conformations of small rings (Section 4.4). 
і. Cyclopropane. 
a. Cyclopropane has bent bonds. 
b. Because of bent bonds, cyclopropane is more reactive than other cycloalkanes. 
2. Cyclobutane, 
8. Cyclobutane has less angle strain than cyclopropane but has more torsional strain. 
b. Cyclobutane has almost the same total strain as cyclopropane. 
c. Cyclobutane is slightly bent to relieve torsional strain, but this increases angle 
strain. 
3. Cyclopentane 
a. Cyclopentane has little angle strain but considerable torsional strain. 
b. To relieve torsional strain, cyclopentane adopts a puckered conformation. 
i. In this conformation, one carbon is bent out of plane; hydrogens are nearly 
staggered. 
C. Conformations of cyclohexane (Sections 4.54.8). 
1. Chair cyclohexane (Section 4.5). 
a. The chair conformation of cyclohexane is strain-free. 
b. Ina standard drawing of cyclohexane, the lower bond is in front, and the upper 
bond is in back. 
c. The twist-boat conformation of cyclohexane has little angle strain but experiences 
both steric strain and torsional strain. 
2. Axial and equatorial bonds in cyclohexane (Section 4.6). 
a. There are two kinds of positions on a cyclohexane ring. 
i. Six axial hydrogens are perpendicular to the plane of the ring. 
ii. Six equatorial hydrogens are roughly in the plane of the ring. 
b. Each carbon has one axial hydrogen and one equatorial hydrogen. 
с. Each side of the ring has alternating axial and equatorial hydrogens. 
d. All hydrogens on the same face of the ring are cis. 
3. Conformational mobility of cyelohexanes. 
a. Different chair conformations of cyclohexanes interconvert by a ring-flip. 
b. After a ring-flip, an axial bond becomes an equatorial bond, and vice versa. 
с. The energy barrier to interconversion is 45 kJ/mol, making interconversion rapid 
at room temperature. 
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4. Conformations of monosubstituted cyclohexanes (Section 4.7). 
a. Both conformations aren't equally stable at room temperature. 
1. In methylcyclohexane, 95% of molecules have the methyl group in the 
cquatorial position. 
b. The energy difference is due to 1, 3-diaxtal interactions. 
i. These interactions, between an axial group and a ring hydrogen two carbons 
away, are due to steric strain. 
и. They are the same interactions as occur in gauche butanc. 


c. Axial methylcyclohexane has two gauche interactions that cause it to be 7.6 
kJ/mol less stable than equatorial methylcyclohexane. 


4. All substituents are more stable in the equatorial position. 
i. The size of the strain depends on the nature and size of the group. 
5. Conformations of disubstituted cyclohexanes (Section 4.8). 
а. Incis-1,2-dimethylcyclohexane, one methyl group is axial and one is equatorial in 
both chair conformations, which are of equal energy. 
b. In trans-1,2-dimethylcyclohexane, both methyl groups are either both axial or 
both equatortal. 


i. The conformation with both methy! groups axial is 15.2 kJ/mol less stable 
than the conformation with both groups cquatorial due to 1,3 diaxial 
interactions. 


и. The trans isomer exists almost exclusively in the diequatorial conformation. 
c. This type of conformational analysis can be carricd out for most substituted 
cyclohexanes. 
D. Conformations of polycyclic (fused-ring) molecules (Section 4.9). 
1. Decalin has two rings that can be either cis-fused or trans-fused. 
a. The two decalins are nonconvertible. 
2. Steroids have four fused rings. 
3. Bicyclic ring systems have rings that are connected by bridges. 
а. In norbornane, the six-membered ring ts locked into a boat conformation. 
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Solutions to Problems 


4.1 The steps for naming a cycloalkane are very similar to the steps used for naming an open- 
chain alkane. 
Step 1: Name the parent cycloalkane. Іа (a), the parent is cyclohexanc. If the compound 
has an alkyl substituent with тоге carbons than the ring size, the compound is named as a 
cycloalkyl-substituted alkane, as in (c). 
Step 2: Identify the substituents. [n (a), both substituents are methyl groups. 
Step 3: Number the substituents so that the second substituent receives the lowest possible 
number. In (a), the substituents are in the 1- and 4- positions. 


Step 4: Name the compound. 1f two different alkyl groups are present, cite them 
alphabetically. Halogen substituents follow the same rules as alkyl substituents. 


(a) CH3 (b) CHaCHaCH4 (c) 7 
) Q "e 
/ 
~ CHa 


CH3 


1.4-Dimnethsleyclohe vane 1 -Metbyl-3-propy)eyclopentane - 
2 З diu 3-Cvelobury])peniane 


(d) CHoCH; (e) od (f) В! 
os oe D 
\ 


4 Сна 
Br C(CH3i3 
|-lsopropyf-2-methylcyelohexane 
| -Bromo-4-ethyleyclodecane 4-Bromo- | -ter t-butyl- 


2-metlislcveloheptine 
4,2 To draw a substituted cycloalkane, simply draw the ring and attach substituents in the 


specified positions. The structure in (b) is named as a cyclobutyl-substituted alkane 
because the alkyl chain has more carbons than the ring. 


(a) СНз (b) 


l .1-Dimethyleyelooctane 3-C yclobutylhexane 
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4.3 


4.4 


4.5 


4.6 


Chapter 4 


(с) (d) eH 
Ci 


Br Br 


] 2-Dichlorocyclopentane 


i .3-Dibromo-5-methyleyclohex ane 


3-EthyI- L.1 -dimethylcyclopentane 


Two substituents are cis 1f they both have either dashed or wedged bonds. The substituents 
are trans if one has a wedged bond and the other has a dashed bond. 


(a) H (b) не CH2CH3 
--СНа Н“ --Н 
Ci 
E 
trans- M-Chloro-4-methylcyclohexane cis-A-Etby]-3-methyleycloheptane 
(a) HG H (b) 3 (c) а 
* CH3 1 
B “CH H 
x f 3 1 “C(CHg}5 
H 
Irans- |-Втото-3- cis- 1 2-Dimethyleyclobutane 


trans- l-tert-Butyl- 


methyleyclohexane 
2-ethyleyclohexane 


Prostaglandin F>, 


f i / 
но н H но н 


The two hydroxyl groups аге cis because they both point behind the plane of the page 
(both dashed bonds). The carbon chains have a trans relationship (one is dashed and the 
other is wedged). 
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(а) а (b) i dp o 
JANB HU "Uu 


cis-1-Bromo-3-methylcvclobutane 


All hydrogen atoms on the same side of the cyclopropane ring are eclipsed by neighboring 
hydrogens. If we draw each hydrogen-hydrogen interaction, we count six eclipsing 
interactions, three on each side of the ring. Since each of these interactions costs 4.0 
kJ/mol, all six cost 24.0 kJ/mol. 24 kJ/mol +115 kJ/mol x 100% = 21% of the total strain 
energy of cyclopropane is due to torsional strain. 


cis omer trans isomer 


Energy Total Total 
Eclipsing cost # of energy cost # of energy cost 
interaction {kJ/mol} | interactions (kJ/mol) interactions (kJ/mol) 


HeH 40 3 120 2 8.0 
Н => CH, 6.0 12.0 4 24.0 
CH; e CH, !! u 0 0 

| | 35 32 


The added energy cost of eclipsing interactions causes cis-1,2-dimethylcyclopropane to be 
of higher energy and to be less stable than the trans isomer. 
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4.10 


If cyclopentanc were planar, it would have ten hydrogen-hydrogen interactions with a total 
energy cost of 40 kJ/mol (10 x 4.0 kJ/mol) . The measured total strain energy of 26 kJ/mol 
indicates that 14 kJ/mol of eclipsing strain in cyclopentane (35%) has bcen relieved by 
puckering. 


4.11 
(b) H 


3 H 1 
НС э----------- > CH3 


more stable less stable 


The methyl groups are farther apart in the more stable conformation of cis-1,3- 
dimethylcyclobutane. 


4.12 Use the technique in Section 4.5 to draw the cyclohexane ring. Figure 4.10 shows how to 
attach axial (a) and equatorial (е) bonds. 


The conformation with —OH in the cquatorial position is more stable. 
Note: The starred ring carbons lie in the plane of the paper. 
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4.13 т trans-1,4-disubstituted cyclohexanes, the methyl substituents are either both axial or 
both equatorial. 


4 CH3 Ha 


trains-] A-Dimethyievclohexane 


4.14 Ina ring-flip, an axial substituent becomes cquatorial, and an equatorial substituent 
becomes axial. 


H H 


equatorial 


equatorial axial 


аха! axial 


4.15 Table 4.1 shows that an axial hydroxyl group causes 2 x 2.1 kJ/mol of steric strain. Thus, 
the energy difference between axial and equatorial cyclohexanol is 4.2 kJ/mol. 


2.1 kJ/mol 
H 
H 


== > OH 
4.16 There is very little energy difference between ап axial and an equatorial суапо group 
because the small linear cyano group takes up very little room and produces practically no 
1,3-diaxial interactions. 


2.] kJ/mol 


N 
| 


T 
о 


Cyclobexanecarbonitrile 
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4.17 Table 4.1 shows that an axial bromine causes 2 х 1.0 kJ/mol of steric strain. Thus, the 
energy difference between axial and equatorial bromocyclohexane is 2.0 kJ/mol. 
According to Figure 4.12. this energy difference corresponds approximately to a 75:25 
ratio of more stable:less stable conformer. Thus, 75% of bromocyclohexane molecules are 
in the equatorial conformation, and 25% are in the axial conformation at any given 
moment. 


4.18 Draw the two chair conformations of each molecule, and look for gauche and 1,3-diaxial 
interactions. Use Table 4.1 to estimate the values of the interactions. Calculate the total 
strain; the conformation with the smaller value for strain cnergy is more stable. 


(a) 


н —--- CH3 


АА 
N —— ring 
LCD 
: flip CH3 
Ci H 
Ci a Н 
trans- l-Chloro-3-methyleyciohexane 
2(H = CH3) = 7.6 Кима 2(H = С = 24 kJ/mol 


The second conformation is more stable than the first. 


e н === CHCH 
æ- 7 i : 
H ring 
per 
CH3 ftip 
cis-l-Ethyl-2-methyleyclohexane 
one CH; => CHCH; gauche one CH; <> CHCH, gauche 
interaction = 3.8 Кто] interaction. = 3.8 kJ/mol 
2 ‹Н-СН.СН,) = 8.0 kJ/mol 2 (H-CH3) = 7.6 kJ/mol 
Total = 11.8 kFmol Total = 11.4 Кт 
The second conformation is slightly more stable than the first. 
(c) 
H 77 CH2CH; Be m 
i rne 
flip CH4CH 
2-''3 
«їх }-Bromo-4-cthy leyelohexane 
2 +H e CHoCH;) = 8.0 Јо] 2(H = Br) = 2.0 kl ‘Amol 


The second conformation is nore stable than the first. 
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(d) 
Н —---> C(CHg)s в. H 


і MU › 
CH3CH, l C{CH3)3 
cis- V-terr-Butvl-J-ethyleyclohexane 


21Н = C(CH3)3] = 22.8 kE mol 24H = СЫН у = 8.0 kJ/mol 


The second conformation is more stable than the first. 


The three substituents have the orientations shown in the first structure. To decide if the 
conformation shown is the more stable conformation or the less stable conformation, 
perform a ring-flip on the illustrated conformation and do a calculation of the total strain 1n 
each structure as in the previous problem. Notice that each conformation has a Cl – СНз 
gauche interaction, but we don't need to know its energy cost because it is present in both 
conformations. 


«СНз H сн сен 
A ^ 
H ring НЗ. 
flip 
H но 
H а Cl Н «--3 СНз 
2 [H ~ СН] = 7.6 Ю/мо] 2 |H == СН}; | = 7.6 Кито! 


2|[|H Cli =20 Кто] 
=9.6 Кто] 


The illustrated conformation is the less stable chair form. 


Trans-decalin 1s more stable than cis-decalin because of three 1,3-diaxial interactions 
present in the cis isomer. You can recognize these interactions if you think of the circled 
parts of cis-decalin as similar to axial methyl groups. The gauche interactions that occur 
with axial methyl groups also occur in cis-decalin. 
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4.21 Both ring fusions are trans because the bridgehead groups are оп opposite faces of the 
fused ring system. 


Visualizing Chemistry 


4.22 
HU UH 
Нас 
CH3 
cis- | -EthvI-3-methyleyclopentane 
1.1 4-Trimethyleyclohexane 
4.23 
rine 
e m — 
Пр H 
Hæ. 
| H <<---=С! 
trans- 1-Chloro-3-methyleyclohexane i 
2 (H e CH) = 7.6 kJ/mol 2 (H + CI) = 2.0 kJ/mol 
The conformation shown (the left structurc) is the less stable conformation. 
4.24 


equatorial — 


axial о axial 


equatorial 


nne 
—— PW 
Bst E 

fip 
equatorial 


4.25 The green substituent is axial, and the red and blue substituents are equatorial. 


C green 
ме Lo 
EE eis relationship: blue-green 
< redy trans relationship: green-red, blue-red 
K blue? 
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4.26 
HOCH; 


HO 
HO 


- a ` 
a-Glucose p-Cilucose 


The only difference between a-glucose and fj-glucose ts in the orientation of thc -OH 
group at carbon 1: the -OH group is axial in a-glucose, and it is equatorial in //-glucose. 
You would expect £-glucose to be more stable because all of its substituents are in the 
equatorial position. 


Additional Problems 


Cycloalkane Isomers 


4.27 
HaC Н.С H3C CH; 


№ cý NA Е. 


The last two structures are cis-trans isomers, 


4.28 Constitutional isomers differ in the way that atoms are connected. 


Br H 


cts- 1 2-Dibromo- cis-i3-Dibromo- trans-1.3-Dibromo- 
evclopentane cyclopentane cyclopentane 


—————rÀ 


constitutional isomers of ciy- |2-dibromocyclopentane 


4.29 Stereoisomers have different three-dimensional geometry. 


trans- | 3-Dimethyleyclobutane cis- 1 3-Dimethyleyclobutane 
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4.30 
(а) H, H H ] 
Вга Br Br PS 
| constitutional 
= * isomers 
Br^ 
H 
cis-1.3-Dibromocyclohexane trans-t 4-Dibromocyclohexane ` 
(b) СНз Нас CHa | 
| | 1 constitutional 
etiara orate ns сын — CHC Нз isomers 
CH3 HaC | 
2 3-Dimethylhexane 2.3 3-Frimethylpentane 
(с) с 
с С! C 


Ор; | identical 


4.31 Stereoisomers: 


ci H 
„Нн = Cl 
СЕ trans-} 2-Dichlorocyclobutane i cís- 1.2-Dichlorocyclobutane 
ма е 
н H 


Constitutional isomers of trais- i 2-dichlorocyclobutane: 


o н 
= CI а С 
E 1 .1-Dichloroeyclobutane zr cis- ],3-Dichlorocyciobutane 
gm: 
t 
H 


mans-13-Dichloroceyclobutane is also a constitutional isomer. 


cis relationship: red-green, blue-black 


trans relationship: red—blue., ereen-blue 
red—black, green—black 


OH blue 
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4.33 
н сн. 
Нас”, "СН 
H a H 


Two cis-trans isomers of 1,3,5-trimethyleyclohexane are possible. In one isomer (A), all 
methyl groups are cis; in B, one methyl group is trans to the other two. 


Cycloalkane Conformation and Stability 


4.34 


О 


4.35 Make a model of cis-1,2-dichlorocyclobexanc. Notice that all cis substituents are on the 
same side of the ring and that two adjacent cis substituents have an axial-equatorial 
relationship. Now, perform a ring-flip on the cyclohexane. 


rng 
—- 
———— 


flip 


After the ring-flip, the relationship of the two substituents is still axial-equatorial. No two 
adjacent cis substituents can be converted to being both axial or both equatorial by a ring- 
flip. Don’t forget that there are only two chair conformations of any given cyclohexane. 
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4.36 


4.38 


Chapter 4 


For a trans-1,2-disubstituted cyclohexane, two adjacent substituents must be either both 
axial or both equatorial. 


A ring flip converts two adjacent axial substituents to equatorial substituents, and vice 
versa. As in Problem 4.35, no two adjacent trans substituents can have an axial-equatorial 
relationship. 


X 
L trans-1.3 
V 
Y 
ү 


А cis-1,3-disubstituted isomer exists almost exclusively in the diequatorial conformation, 
which has no 1,3-diaxial interactions. The trans isomer must have one group axial, leading 
to 1,3-diaxial interactions. Thus, the trans isomer is less stable than the cis isomer. When а 
molecule has two conformations available, the molecule exists mainly in the lower energy 
conformation. 


X 
X 
Y Y 
cis 


Fruns 


The frans-1,4-1somer is more stable because both substituents can be equatorial, 
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4.39 


less stable more stable 
cls ган 


Two types of interaction are present in cis- 1,2-dimethylcyclobutane. One interaction 
occurs between the two methyl groups, which are almost eclipsed. The other is an across- 
the-ring interaction between methyl group at position 1 of the ring and a hydrogen at 
Position 3. Because neither of these interactions are present in trans isomer, it is more 
stable than the cis isomer. 


more stable less stably 
Cts ans 


In trans-1,3-dimethylcyclobutane, an across-the-ring interaction occurs between the methyl 
group at position 3 of the ring and a hydrogen at position 1. Because no interactions are 
present in the cis isomer, it is more stable than the trans isomer. 


4.40 To solve this problem: (1) Find the energy cost of a 1,3-diaxial interaction by using Table 
4.1. (2) Convert this energy difference into a percent by using Figure 4.12. 


(a) Н 777 CH(CHgo 24H <> CHCH, = 92 Кио 


e 


% equatorial = 97 
% axial à 


2(H = В = 1.0 kmol 
% equatorial = 63 
“@ axial = 37 


(c) H om CN 2 {H =» CN) = 0.8 kJ/mol 


H Ф equatorial = 60 
*t axial] = 40 
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4.41 Make sure you know the difference between axial-equatorial and cis-trans. Axial 
substituents are parallel to the axis of the ring; equatorial substituents lie around the 
equator of the ring. Cis substituents are on the same side of the ring; trans substituents are 
on opposite side of the ring. 


(a) l3-trans 


X 
5 : 
© i ring 
С, 
—— 
1 : flip 
Yo 2 
axial, equatorial 
b) 14-е 
(b) р 
5 2 
6 | nne 
— aa 
e 
Y fip 
4 3 3 
axial, equatorial 
с) 1,3-cls 
(c) к 
| 6 
55 Ne: 
SS 
fip Y а X 
3 Б | 
axial, axial equatortal, equatorial 
(d) l,5-trans is the same as 1|,3-trans 
(e) 1,5-cis is the same as ],3-cis 
(f) x 
E | " 6 
ring 4 5 у 
fiip : X 
4 3+ 5 1 ES 1 
Y * А 
axial, axial equatorial, equatortal 


1,6-trans is the same as 1,2-trans. 
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Cyclohexane Conformational Analysis 


4.42 


4.43 


4.44 


H -«--— Cl 
ae : H “a gu 
H ring HaC 
CH3 шр С 


cis- F-Chloro-2-mothyleyclohexane 


Use Table 4.1 to find the values of 1,3-diaxial interactions. For the first conformation, the 
steric strain is 2 x 1.0 kJ/mol = 2.0 kJ/mol. The steric strain in the second conformation is 
2 х 3.8 kJ/mol, or 7.6 kJ/mol. The first conformation is more stable than the second 
conformation by 5.6 kJ/mol. 


ring 
aa 
tliy 
CH, P 
H~. 
H -= Cl 
no | д-фахы 2x 3.8 kJ/mol = 7.6 kJ/mol 
interactions 2 


x 1.0 KJ/mol = 2.0 kJ/mol 


z9.6kJ/mol 
irens-1-Chloro-2-methylcyclohexane 


Use Table 4.1 to find the values of 1,3-diaxial interactions. The first conformation is more 
stable than the second conformation by a maximum of 9.6 kJ/mol. (A gauche interaction 
between the two substituents in the diequatorial conformation reduces the value of the 
energy difference, but its value can't be determined with the given data.) 


OH 
HOCH; 
Galactose 
HO OH 
OH 
H 


In this conformation, all substituents, except for one hydroxyl group, are equatorial. 
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4.45 From the flat-ring drawing you can see that the methyl group and the -OH group have a cis 
relationship, and the isopropyl group has a trans relationship to both of these groups. Draw 
a chair cyclohexane ring and attach the groups with the correct relationship. 


CH; 
| H H 


HO CH; 


CHICH3)o 


In this conformation, all substituents are equatorial. Now. perform a ring Hip. 


H H (CH4)5CH 
H 
HO CHa га H 
(CH3)2CH flip H 
OH 
H CHa 


The second conformation ts less stable because all substituents are axial. 


4.46 
нас Н нс H нс H нс, H 


А 


Bez 


HO H HO . 
н  CH(CHs)» н CH(CH3)> Н  CH(CH3j н  CH(CHgl 


Menthol cis-trans isomers of menthol 


The substituents on the ring have the following relationships: 


Menthol Isomer A lsomer В Isomer С 
—CH(CH3)5. —CH3 traps trans cis Cis 
—CH(CH3)o, - OH trans CIS trans cis 
— CH3, — OH els trans trans eis 


The substituents on the ring have the following relationships: 
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CH rine 
3 ——— 
р 
нс И Жз. 
НС „сн 
equatorial diaxial 

The large energy difference between conformations is due to the severe 1,3 diaxial 
interaction between the two methyl groups. 


4.48 Diaxial cis-1,3-dimethylcyclohexane contains three 1,3-diaxial interactions - two Н «> 
CH: interactions of 3.8 kJ/mol each, and one CH; — CH interaction. If the diaxial 
conformation is 23 kJ/mol less stable than the diequatorial, 23 kJ/mol – 2(3.8 kJ/mol) = 15 
kJ/mol of this strain energy must be due to the СНз — СН» interaction. 


4.49 
H =- CH3 
ge 
CH ring 
g ТЕЕ 
flip g CH3 
H.C 3 "wl 
3C А В нс CH, 
2H = CH: interactions = 7.6 kJ/mol 2 H + CHa interactions = 7,6 kJ/mol 
1СНз. CH, interuction = 15 KV 


23 kJ/mol 


Conformation А is favored. 


4.50 


В 


р“ 
HaC A сые САД 


Conformation A of cis- ! -chloro-3-mcthylcyclohexane has по 1,3-diaxial interactions and 
is the more stable conformation. Steric strain in B is due to one СНз +> H interaction (3.8 
kJ/mol), one Cl — Н interaction (1.0 kJ/mol) and one СН; +> CI interaction. Since the 
total-strain energy of B is 15.5 kJ/mol, 15.5 kJ/mol - 3.8 kJ/mol - 1.0 Кто! = 10.7 kJ/mol 
of strain is caused by a СНз — СІ interaction. 
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General Problems 


4.51 


4.52 


Note: In working with decalins, it is essential to use models. Many structural features of 


decalins that are obvious with models are not easily visualized with drawings. 
H 


nans-Decahlin cis-Decalin 
No 1,3-diaxial interactions are present in trans-decalin. 


At the ring junction of cis-decalin, one ring acts as an axial substituent of the other (sce 
circled bonds). The circled part of ring B has two 1,3-diaxial interactions with ring A 
(indicated by arrows). Similarly, the circled part of ring A has two 1,3-diaxial interactions 
with ring B; one of these interactions is the same as an interaction of part of the B ring with 
ring А. These three 1,3-diaxial interactions have a total energy cost of 3 x 3.8 kJ/ mol = 
11.4 kJ/mol. Cis-decalin is therefore less stable than trans-decalin by 11.4 kJ/mol. 


A ring-flip converts an axial substituent into an equatorial substituent and vice versa. At 
the ring junction of trans-decalin, cach ring is a trans—trans diequatorial substituent of the 
other. If a ring-flip were to occur, the two rings would become axial substituents of each 
other. You can see with models that a diaxial ring junction is impossibly strained. 
Consequently, trans-decalin does not ring-flip. 


The rings of cis-decalin are joined by an axial bond and an equatorial bond. After a ring- 
flip, thc rings аге still linked by an equatorial and an axial bond. No additional strain or 
interaction is introduced by a ring-flip of cis-decalin. 


H H 


rine 
.Hnr 
e 


tlip 
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4.53 Build models to see the stability difference between the two [4.1.0] ring systems. In both 
cases, fusing a three-membered ring to a six-membered ring distorts the bond angles of 
both rings, causing angle strain. This strain is much morc severe in the frans isomer than in 


the cis isomer. 
H Н Н т 
H 
| H 
H 
H H 


cis-Bicyclo]4.] 0]heptane trans-Bicyelo|3.1 Ofheptane 


H 


4.54 


2 г 


Simvastatin (Zocor) 


Atorvastatin (Lipitor) 
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(a) The indicated bonds on simvastatin are trans. 


(b) The-H bond and the -OH bond have a cis relationship. The third bond is trans to 


both of them. 


(c) The threc indicated bonds on atorvastatin are attached to sp*-hybridized carbons of a 


planar ring and lie in the same plane. 


4.55 


In the flat-ring structure shown, all -OH groups have a alternating relationship except for 


the starred group (below). If all of the groups had a trans relationship, the most stable 
conformation would have all -OH groups in the equatorial] position. We expect that the 
most stable conformation of this structure has one group in the axial position. 


Draw both rings and add -OH groups having the indicated relationships. Perform a ring- 
flip on the structure you have drawn to arrive at the other conformation. 


Do Ae 


. Чар, 
Пр 
к more stable 
4.56 
OH 
HO HO 
HO OH HO 
HO OH HO OH 
OH OH 
OH OH 
HO о HO 
HO HO 
HO OH OH 
OH 
OH 
OH OH OH 
HO HO S 
HO No 
HO OH 
OH 
OH OH 


OH OH 
H 
On 
OH 
OH 


OH 
HO 
HO 
HO ` 
OH 
OH 
OH 
HO 5 
HO 
HO 
OH 
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There are eight cis-trans stereoisomers of mvo-inositol. The first isomer is the most stable 
because all hydroxyl groups can assurne an equatorial conformation. 


t-Norbornene 


If you build a model of 1-norbornene, you will find that it is almost impossible to form the 
bridgehead double bond. sp?-Hybridization at the double bond requires all carbons bonded 
to the starred carbons to lie in a common plane in order for the p orbitals to overlap to form 
the z bond. The bicyclic ring system forces these atoms out of plane, and the bridgehcad 
double bond can't form. 


А steroid ring system is fused, and ring-flips don't occur. Thus, substituents such as the 
methyl groups shown remain axial. Substituents on the same side of the ring system as the 
methyl groups are in alternating axial and equatorial positions. Thus, an “пр” substituent at 
C3 (a) is equatorial. 


Substituents on the bottom side of the ring system also alternate axial and equatorial 
positions. A substituent at C7 (b) is axial, and one at C11 ( c) is equatorial 


NH» 


Amantadine 
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4.60 


4.61 


Chapter 4 
mirror 
Ha4C ur e H A H R CH3 
! 
i 
І 
' 
H СНз Нас H 


The two trans-1,2-dimethylcyclopentanes are mirror IMAGEs. 


Draw the four possible isomers of 4-tert-butylcyclohexane-1,3-diol. Make models of these 
isomers also. The bulky tert-butyl group determines the stable conformation because of its 
strong preference for the equatorial position. 


OH OH 
OH 
(СНз)зС SÈJ (CH3)4C LET 
1 HO 2 


OH 
OH OH 
(CH3)4C (CH3)4C 


HO 


Only when the two hydroxyl groups are cis diaxial (structure 1) can the acetal ring form. In 
any other conformation, the oxygen atoms are too far apart to be incorporated into a six- 
membered ring. 


fr 


(CH3)4C pe 
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H 
C(CH3)3 
| H 
cis | OH 
OH | C(CH3)a 
H 
г OH 
C(CH3)5 i 
OH i H 
trans | 
C(CH3)5 
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АП four conformations of the two isomers are illustrated. The second conformation of each 


pair has a high degree of steric strain, and thus each isomer adopts the first conformation. 


Since only the cis isomer has the hydroxyl group in the necessary axtal position, it oxidizes 


faster than the trans isomer. 
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Chapter Outline 


1. Handedness (Sections 5.1—5.4). 
A. Enantiomers and tetrahedral carbon (Section 5.1). 


1. 


When four different groups are bonded to а carbon atom, two different arrangements 
are possible. 

a. These arrangements are mirror imagcs. 

b. The two mirror-image molecules are enantiomers. 


B. The reason for handedness in molecules: chirality (Section 5.2). 


1. 


2. 
3. 


4. 


Molecules that are not superimposable on their mtrror-images are chiral. 
a. А molecule is not chiral if it contains a plane of symmetry. 

b. А molecule with no plane of symmetry 1$ chiral. 

A carbon bonded to four different groups is a chirality center. 

It is sometimes difficult to locate a chirality center in a complex molecule. 
The groups -CH2-, -CH;, С=О, С=С, and C=C can't be chirality centers. 


C. Optical activity (Section 5.3). 


1. 


Solutions of certain substances rotate the plane of plane-polarized light. 
a. These substances are said to be optically active. 

The angle of rotation can be measured with a polarimeter. 

The direction of rotation can also be measured. 


а. А compound whose solution rotates plane-polarized light to the right is termed 
dextrorotatory. 


b. A compound whose solution rotates plane-polarized light to the left is termed 
levorotatory. 


Specific rotation. 

a. The extent of rotation depends on concentration, path length and wavelength. 

b. Specific rotation is the observed rotation of a sample with concentration = 1 
g/mL, sample path length of 1 dm, and light of wavelength = 589 nm. 

с. Specific rotation is a physical constant characteristic of a given optically active 
compound. 


D. Pasteur's discovery of enantiomerism (Section 5.4). 


1. 


2: 
3. 


4. 


Pasteur discovered two different types of crystals in a solution that he was 
evaporating. 

The crystals were mirror images. 

Solutions of each of the two types of crystals were optically active, and their specific 
rotations were equal in magnitude but opposite in sign. 

Pasteur postulated that some molecules are handed and thus discovered the 
phenomenon of enantiomerism. 


П. Stereoisomers and configurations (Sections 5.5—5.8). 
А. Specification of configurations of stereoisomers (Section 5.5). 


1. 


Rules for assigning configurations at a chirality center: 
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а. Assign priorities to cach group bonded to the carbon by using Cahn—Ingold— 
Prelog rules. 


i. Rank each atom by atomic number. 


(a). An atom with a higher atomic number receives a higher priority than an 
atom with a lower atomic number. 


ii. If a decision can't Ыс reached based on the first atom, look at the second or 
third atom until a difference is found. 


iii. Multiple-bonded atoms are equivalent to the same number of single-bonded 
atoms. 
b. Orient the molecule so that the group of lowest priority is pointing to the rear. 
c. Draw a curved arrow from group 1 to group 2 to group 3. 
d. Ifthe arrow rotates clockwise, the chirality center is А, and if the arrow rotates 
counterclockwise, the chirality center is 5. 
2. The sign of optical rotation is not related to R,S designation. 
3. X-ray experiments have proven R,S conventions to be correct. 
B. Diastereomers (Section 5.6). 
1. A molecule with two chirality centers can have four possible stereoisomers. 
a. The stercoisomers group into two pairs of enantiomers. 
b. Astereoisomer from one pair is the diastereomer of a stereoisomer from the other 
pair. 
2. Diastereomers are stereoisomers that are not mirror images. 
3. Epimers are diastereomers whose configuration differs at only one chirality center. 
C. Meso compounds (Section 5.7). 
1. A meso compound occurs when a compound with two chirality centers possesses а 
plane of symmetry. 
A meso compound is achiral despite having two chirality centers. 
3. The physical properties of meso compounds, diastereomers and racemic mixtures 
differ from each other and from the properties of enantiomers. 


D. Racemic mixtures and the resolution of enantiomers (Sectton 5.8). 
l. A racemic mixture (racemate) is a 50:50 mixture of two enantiomers. 
a. Racemic mixtures show zero optical rotation. 
2. Some racemic mixtures can be resolved into their component enantiomers. 


a. Ifa racemic mixture of a carboxylic acid reacts with a chiral amine, thc product 
ammonium salts are diastereomers. 


b. The diastereomeric salts differ in chemical and physical properties and can be 
separated. 
c. The original cnantiomers can be recovered by acidification. 
III. A review of isomerism (Section 5.9). 
А. Constitutional isomers differ in connections between atoms. 

1. Skeletal isomers have different carbon skeletons. 

2. Functional isomers contain different functional groups. 

3. Positional isomers have functional groups in different positions. 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


102 Chapter 5 


B. Stereoisomers have the same connections between atoms, but different geometry. 
|. Enantiomers have a mirror-imagc relationship. 
2. Diastereomers are non-mirror-image stereoisomers. 
a. Configurational diastereomers. 


b. Cis-trans isomers differ in the arrangement of substituents on a ring or a double 
bond. 


IV. Chirality at atoms other than carbon (Section 5.10). 
A. Other elements with tetrahedral atoms can be chirality centers. 


B. Trivalent nitrogen can, theoretically, be chiral, but rapid inversion of the nitrogen lone 
pair interconverts the enantiomers. 


C. Chiral phosphines and trivalent sulfur compounds can be isolated because their rate of 
inversion is slower. 


V. Prochirality (Section 5.11). 
А. А molecule is prochiral if it can be converted from achiral to chiral in a single chemical 
step. 
B. Identifying prochirality. 
1. For sp? carbon, draw the plane that includes the atoms bonded to the sp’ carbon. 
a. Assign priorities to the groups bonded to the carbon. 
b. Draw an curved arrow from group 1 to group 2 to group 3. 
c. The face of the plane on which the curved arrow rotates clockwise is the Re face. 
d. The face on which the arrow rotates counterclockwise is the Si face. 


2. Anatom that is sp^-hybridized may have a prochirality center if, when one of its 
attached groups is replaced, it becomes a chirality center. 


а. For -CHoX, imagine a replacement of one hydrogen with deuterium. 
b. Rank the groups, including the deuterium. 
c. Ifthe replacement leads to А chirality, the atom is pro-R. 
d. If the replacement leads to 5 chirality. the atom is pro-S. 
C. Many biochemical reactions involve prochiral compounds. 
VI. Chirality in nature and chiral environments (Section 5.12). 
A. Different enantiomers of a chiral molecule have different properties in nature. 
1. (*)-Limonene has the odor of oranges, and (—)-limonene has the odor of lemons. 


2. Racemic fluoxetine is ап antidepressant, but the 5 enantiomer is effective against 
migrainc. 


B. Innature, a molecule must fit into a chiral receptor, and only one enantiomer usually fits. 
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Solutions to Problems 


5.1 Objects having a plane of symmetry are achiral. 
Chiral: screw, shoe. 
Achiral: soda can, screwdriver. 


5.2 Use the following rules to locate centers that are not chirality centers, then examine the 
remaining centers to find a carbon with four different groups attached. 
1. All -CH and -CX» carbons are not chirality centers. 
2. All -CH»- and -CX»- carbons are not chirality centers. 


3. АП © © аа С=С carbons are not chirality centers. 
By rule 3, all aromatic ring carbons are not chirality centers. 


CH5CHaCHs (b) H СН; (c) СНзо 


Conine 


Menthol 


Dextromethorphan 
5.3 Refer to Problem 5.2 if you need help. 
rd Teu 
"e Ces Alanine 
Ни "NH нм V.H у 
нас а 2 CH 
3 3 
5.4 
(а) онн © DEAE 1 
Hone ы ЗА Е “н 
` ЛА d 
HH HOH ға 
"oThreose Enflurane 


5.5 Ву convention, a (—) rotation indicates rotation to the left, and thus cocaine is levorotatory. 
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5.6 
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а 
25 ‚ where 
Use the formula [a]p Tx 
[a]p = specific rotation 
® = observed rotation 
{ = path length of cell (in dm) 
С = concentration (in g/mL) 
In this problem: ас = 1.21° 
{ = 5.00 ст = 0.500 dm 
С = 1.50 g/10.0 mL = 0.150 g/mL 
4 1.21? 
[р = =+16.1° 


0.500 dm x 0.150 g/mL 


5.7 Review the sequence rules presented in Section 5.5. А summary: 


5.8 


Rule 1: — Ап мот with a higher atomic number has priority over an atom with a lower 


Rule 


atomic number. 


2: Ifa decision can't be reached by using Rule 1, look at the second, third, or 


fourth atom away from the double-bond carbon until a decision can be made. 


Rule 3: Multiple-bonded atoms are equivalent to the same number of single-bonded 


(a) 
(c) 
(с) 


atoms. 
Higher Lower Rule Higher Lower Rule 
-Br -H | (b -Br -CI 1 
-CH;CHs SECHS 2 (d) -OH -NH? | 
—CH20H -CH3 2 (f -CH=0 -СЊОН 3 


Use the sequence rules in Section 5.5. 


(a) 


(b) 


(b) 
(c) 
(d) 


By Rule t, -H is of lowest priority, and -ОН is of highest priority. By Rule 2, 
—CH2CH20H is of higher priority than -CH2CHs. 
Highest —————_——_> Lowest 
—OH, —CH2CH20H, -CH2CH;, -H 

em Q О 
By Rule 3, -CO^H is considered as —-C — OH. Because 3 oxygens arc attached to а 
—CO:H carbon and only one oxygen is attached to -CH2OH, -CO:H is of higher 
priority than -СН2ОН. —CO2CHs ts of higher priority than СОН by Rule 2, and 
-OH is of highest priority by Rule 1. 


Highest — ——— — ——3 Lowest 
—ОН, —CO2CH3. -CO»H, ~CH20H 
—МН2, -CN, -CHo2NHCH;, -CH2NH2 
—SSCH;, -SH, -CEDSCH;, -CH3 
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5.9 АП stereochemistry problems arc easier if you use models. Part (a) will be solved by two 
methods — with models and without models. 


5.10 


(a) 


(а) 


(b) 


With models: Build a model of (a). Orient the model so that group 4 is pointing to the 
rear. Note the direction of rotation of arrows that go from group 1 to group 2 to group 
3. The arrows point counterclockwise, and the configuration is 5. 


Without models: Ymagine yourself looking at the molecule, with the group of lowest 
priority pointing to the back. Your viewpoint would be at the upper right of the 
molecule, and you would see group 1 on the left, group 3 on the right and group 2 at 
the bottom. The arrow of rotation travels counterclockwise, and the configuration is 
$. 


—1 see,” ож, 
ofo vis um а ех Дл 


Step 1. For each chirality center, rank substituents by the Cahn-Ingold-Prelog system; 
give the number 4 to the lowest priority substituent. For part (a): 


Substituent Priority 
-SH 1 
—СО2Н 2 
-CH3 3 
-H 4 


Step 2. As in the previous problem, orient yourself so that you are 180? from the lowest 
priority group (indicated by the arrow in the drawing). From that viewpoint, draw thc 
molecule as it looks when you face it. Draw the arrow that travels from group 1 to group 2 
to group 3, and note its direction of rotation. The molecule in (a) has 5 configuration. 


(a) 


б. 
CH, ® Ф) 
ч | = = р 2 AS 
H” E> вон ; | 


HS `+) 


1 
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(b) 1 я к) Hye ir 
T ap. а С=О к 
‚м! а OWA) « et aOR! _ ADL) 
Нас Сон \ } os е | 
Н А b. " рон Ew @ 


In (b), the observer is behind the page, looking ош and down toward the right. In (с). the 
observer is behind the page looking out and up to the left. 


5.11 
H 
CH3CH2CH3ÇCH; (5)-2-Pentanol 
H 
Substiruent Priority p 
ы. H 
—OH 1 HOW н СНз [Б 
f А 

—CH 3 ^s E 

р E i * CH;CH5CH4 СНз 


5.12 Fortunately, methionine is shown in the correct orientation. 
з 4 77 


2 
CH3SCH;CHl,. H ACOH -Methionine 
; C 


i + 

` г 

x ; 
2 


ин; 


5.13 Рог (a): (Note: the phosphate group is represented as P.) 


ЖААМЫ: BIS 
CHO 14 * 2 
Н HO CHO CHO 
HS ; HO CH(OH)CHO 

Ha. с «Он 4 Eo R ныр он pA 

a > x Nes i wo | ^ = us Г ^ 

СН2ОР CH4OP СН2ОР 
Gu R.R ib) S.R (ec) R.S (di S.S 


а, d are enantiomers and are dtastereomeric with b, c. 

b, c are enantiomers and are diastereomeric with a, d. 

Structure (a) is D-erythrose 4-phosphate, structure (d) is its enantiomer, and structures (b) 
and (c) are its diastereomers. 
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5,17 
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Morphine 


Morphine has five chirality centers and, in principle, can have 2° = 32 stereoisomers. Most 
of these stereoisomers are too strained to exist. 


НС H 
M: Isoleucine 
HO5C C SORTE TR 
oe " CH5CH; 
H NH3 
To decide if a structure represents a meso compound, try to locate a plane of symmetry that 


divides the molecule into two halves that are mirror images. Molecular models are always 
helpful. 


(а) | 
„и plane of 
„ symmetry 


OH 


meso 


(b) and (c) are not meso structures, 


(d) 
H Н 
Век. «СНз Bisa CHa 
plane of 
| = = symmelry 
Hac” | CH Br" } ‘CH 
3 Br Т 3 meso 


For a molecule to exist as a meso form, it must possess a plane of symmetry. 2,3- 
Butanediol can exist as a pair of enantiomers or as а meso compound, depending on the 
configurations at carbons 2 and 3. 
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(a) 
| Н 
HO, | „СНз Наса! „ОН 
Ts [R 
C С 
нс” “ОН HO” i" cH, 
H 


not meso 


H 
HO. : „СНз 
Le dem plane of 
ВС symmetry 
HO” : “сн. 
H Meso 


(b) 2,3-Pentanediol has no symmetry plane and thus can't exist in а meso form. 


(c) 2,4-Pentanediol can exist in a meso form. 


Н 
HOL | 4 CH3 
Go | 
plane ot 
symmetry 
dO: 
HO” ^он; 
H 


2,4-Pentanediol can also exist as a pair of enantiomers (25,46) and (25,45) that are 


not meso compounds. 


5.18 The molecule represents a meso compound. The symmetry plane passes through the 
carbon bearing the —OH group and between thr two ring carbons that are bonded to methyl 


groups. 
HaC 
H 

^--.. plane of 

Н OH symmetry 
5.19 
O i 
№ г а C Ha acid 
C-—OH + НОС 5 
/ \ catalyst 
HaC CH3CH; 


Acetic acid (5)-2-Butanol 


H 
№ la CH, 
/ \ 
HaC СН>СНз 


sve-Butyl acetate 


The product is the pure S-ester. No new chirality centcrs are formed during the reaction, 
and the configuration at the chirality center of (S)-2-butanol is unchanged. 


€ 2016 Cengage Learning. Ali Rights Reserved May nat be scanned, copied or duplicated. or posted to а publicly accessible website, in whole or in pact 


5.20 


Stereochemistry at Tetrahedral Centers 


COH | СО» СНз 
Re CHs | Ri 5 | 

m - | An R,S salt 
HO : HO 

1 hrs Gs 

Н-- — CH, | H-. — CH3 S 

S | RE -U _ H №“ 27 

сон | | COs 3 

| {| к 


Au S.S salt 


The two product salts have the configurations (R,S) and (5,5) and are diastereomers. 


(a) 
CH3 Cl 
| 


26 
и ^ CH4CH— CHCH} 


(S)-5-Chloro-2-hexene Chlorocyclohexane 
These two compounds are constitutional isomers (skeletal isomers). 


(b) The two dibromopentane stereoisomers are diastereomers. 


For each molecule, replace the left hydrogen with 7H. Give priorities to the groups and 


assign R,S configuration to the chirality center. If the configuration is R, the replaced 
hydrogen is pro-R, and if the configuration 1$ 5, the replaced hydrogen is pro-S. 


(a) 


(S)-Glyceraldehyde 
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pro-S — H H- pro-R 


0 
j HOL! H 
, H мН 4 é ^ 
CHO huc = CHO 
HO а а HO 4 
e x 
C 
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(b) 


pro-R —» H H -«—pro-S 


(5)-Phenvlalanine 


5.23 Draw the plane that includes the sp” carbon and its substituents, and rank the substituents. 
For the upper face, draw the arrow that proceeds from group | to group 2 to group 3. If the 
direction of rotation is clockwise, the face is the Re face; if rotation is counterclockwise, 
the face is the Si face. 


(a) Rc lace (b) Re [асе 


i { 


\ A 


Hydroxvacetone St fave Ciotyl alcohol Si Тасе 


5.24 Use the strategy in the previous problem to identify the faces of the plane that contains the 
sp? carbon. Draw the product that results from reaction at the Re face, and assign 
configuration to the chirality center. 


Re face 


H 


с! 
vot -C — = 
но" СО 
HC 


Pyruvate Si lace {(5)-Һасше 
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5.25 Addition of -OH takes place on the Re face of C2 of aconitate. Addition of —H occurs on 
the Re face of C3 to yield (2R,35)-isocitrate. Н and OH add from opposite sides of the 
double bond. 


Re face 


HO H 
S , 
"OQ “я ОО 
н соғ 


(2R.38)-Isocitrate 


Re lace H* 
of C3 


Visualizing Chemistry 


5.26 Structures (а), (b), and (d) are identical (К enantiomer), and (c) represents the 5 


enantiomer. 
5.27 "T 
(a) 2 А 4 БУ 1 
COH НОС H a NH 
HN EN C ^ 2 1 м. С A Е 5 
Я і j 
H CHOH Sa CHOU 
(5)-беппе 3 
(b) H (он T RT 
HO NHCH3 HOR Hr Nae 
| С | R 
Ne, 1 a 
HO Я zrin 
( R)- Adrenaline 3 0 
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5.28 Locate the plane of symmetry that identifies the structure as a meso compound. 


P | (b) МИНА н (c) СН 
H К l t R 4 
H нн H i a 
^N H Ф | meso : 
: C H 
ш ' i nol meso 
H тео H 
5.29 
HO H 
S с” NHCH 
di B ^R : Pseudoephedrine 
unt 
ху. | HC H 
5.30 


Additional Problems 
Chirality and Optical Activity 


5.31 Chiral: (d) golf club, (е) spiral staircase 
Achiral: (a) basketball, (b) fork, (c) wine glass, (Ё) snowflake. 


5.32 
(а) үз T5 
CH3CHpCHyCHCHsCHCH, 2 4-Dimethy lheptane has one chirality center. 
(b) GH (ө; 
Снзсносснгснонгона 5-Ethy 1-3. 3-dimethy lheptane ts achiral. 
СНз 
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(c) с с cis- | 3-Dichlorocyclohexane is achiral. Note the plane of 
symmetry that passes through the - С groups. 


5.33 
(a) © (b) OH © CHa 
CH3CH2CH>CHCH3 CH4CH3CHSCH2CHCH4 CH4CHCHCH = CH; 
* ae D 
2-Chíoropentane 2-Нехапо! 3-Methyl-l-pentene 
(d) На 
CH3CH2CH3CH2CHCH2CH3 
3-Methytheptane 
5.34 
di rd (Нз 
CHSCH2CH2CH;CH;OH — CHyCH2CH2CHCHg ^ CHSCH;CHCH;CHa Снасснгон 
achiral chiral | achiral CHa 
es он он qug i 
CH3CH;CHCH50H Снзснгсснз СнаснСнСнз HOCH;CH2CHCHs 
chiral CH3 сн; achiral 
achiral chiral 
5,35 
(а} T (b) Gils (с) er он (4) rt P 
CH3CH2CHCH CH3CH2CHCO3H CHgCHCHCH, CHgCHC, 


H 
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5.36 


Erythronolide B 


CH3 


Erythronolide B has ten chirality centers. 
Assigning Configuration to Chirality Centers 


5.37 Identical molecules: b (5 enantiomer), с (R enantiomer), 4 (5 enantiomer). Pair of 
enantiomers: a : 


5.38 The specific rotation of (2R,3R)-dichloropentane is equal in magnitude and opposite т 
sign to the specific rotation of (25,35)-dichloropentane because the compounds are 
enantiomers. There is no predictable relationship between the specific rotations of the 
(28,35) апа (2R,3R) isomers because they are diastereomers, 


5.39-5.40 
н н 4 н 
HOw с «СНз H4C a ОН HOm с a CH3 HaC m c «ОН 
15 1 В |S | А 
CH» CH» СН? СН? 
| | | | 
RC So 5 с Ro 
HO «d ! Б, (С4Но) (C4Ho) =” : = OH (C4Hg) ” : ы OH Ho" н ~ (CHo) 
H H H H 
2548 2RAS 25.4% КАК 
Мы vM | — — Же са ss —y ——2 
enantiomers enantiomers 


The (2,45) stereoisomer is the enantiomer of the (25,48) stereoisomer. 
The (25,45) and (2R,AR) stereoisomers are diastereomers of the (25,47) stereoisomer. 
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5.41 
(a) | ©. ` (b) y Pm 
3 | 
| | QAO М Á GRAD a 
P ТЭА OM ON a. 
(с) ү au. 
ME 
эко VÀ 
| M Que 
5.42 
Higlieyi Lowest 
(a) — C(CH3)5. —СН=СН», —CH(CHa)z. — CH5CH4 
(b) 29 —C-CH. —C(CHg)3, —CH=CH» 
(c) 


—СО2СНз, — COCHs. — CH2OCH3. —CH3CH3 


(d) —Br, — CH5Br. —CN. —CH3CH5Br 


5.43 
(a) н OH (b) CL H (с) H OCH, 
pP 5 MS 
HOCH» ~COsH 
5.44 


(а) он, (b HAS S 4CH3 (0) НОН $ 40H 
A Or ea oe 
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5.45 
(а) IL (b) 
S 
H H 
R H | 
E E HO H 
87$ `CH CH CHCH CO, 
Biotin Prostaglandin E] 
5.46 
(а) i73 н 
Cia Hs СНз |5 
L C 4 san 
Ne і V. CI / СН2СН2 
CHoCHa СНз 
(b) | H 
CHa3CH5 a HM Cl | R 
A С i — -- C~ 
: | HC=CH Cl 
о. коту 
CH=CH CH2CH3 


5.48 


Ascorbic acid 
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5.49 
(а) Ci (b) н Я 
H CH; HaC А Он 
H4C H НАС CH 
3 H 3 H 3 
5,50 
нон нон 
УВ IR 
OHC Xs CHOH {+)-Ху1озе 


HOH 


Meso Compounds 


5.51 
(а) CH2CH3 (b) CHaCHs 
Hm A «a CH 
"C773 gymmetry symmetry HN Gaels 
C —— plane plane М 
Н” i “Сн; 
CH5CH3 HÇ зон» 
CHa3CH3 
(c) CH; 
Hw «Он 
symmetry р 
plane C 
HZ 7 “OH 
B. 
сн; 


This compound 15 
also à meso compound, 
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5.52 
(а) н ОН H OH (b) HaC CH; 
DE MELLON. a í 
HaC^R ~CH)CHs s "CH; 


Е Мапе of 
plane of о 


SY mmetry 
SY mmetr y 

(c) HaC 

H : AS 

plane of 56 OH - 

symmetry ga“ 

R 
H4C 


5.53 Both of the diastereomers shown below are meso compounds with three chirality centers. 
Each is a meso compound because it has a symmetry plane, and in each structure the 
central carbon is bonded to four different groups (a group with А configuration, a group 
with 5 configuration, -OH, and -H). 


СНа CH3 
iS 1S 
ай «ОН Labo ый 
=== HG OH ~~ - -HOr Eat =- ~ = 
R IR 
Нес он Hec -4 OH 
CHa CH3 
5.54 (a)-(c) 
H H H OH H H HO H 
Хх. M. сю A з. те 
HO Г HO ) ` ` 
HO H HO H H OH H OH 
Ribose Enantiomer of ribose 


Ribose has three chirality centers, which give rise to eight (23) stereoisomers. 
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(d) Ribose has six diastereomers. 


H H H OH H H Ho H 
AS... CHO 

HO К 
Ho H H OH 


HO H H OH 


5.55 Ribitol is an optically inactive meso compound. Catalytic hydrogenation converts the 
aldehyde functional group into a hydroxyl group and makes the two halves of ribitol mirror 
images of each other. 


| plane of symmetry 


H H H ỌH H OH 
i ; CHO He HOH,C. 2 CHOH 
HO ее , 
‚ р P1 catalyst ^^... 
HO HHO Н HO H:Ho H 
1 
Ribose Ribitol 
Prochirality 
5.56 | 
(a pro-S pro-R (b) pro-S pro-R (C  pro-S pro-R 


H H Анни 


ы. COsH СНз$ COS COs” 
I Se | АШ, HS? 


` ` ^ 

HO H H HHN H Нам H 
pro-R d = А 

Malic acid Methionme Cysteine 
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5.57 
(а) Re face (b) Si face 
A A 
Pyruvate Si face Crotonate Re face 
5.58 Remember that each sp’ carbon has a Re face and a Si face. 
Si face Re face 
OH 
HaC ц“ `снгсох 
\ НС | H*  i($)-3-Hydroxybutyratc 
Ко face Si face 


5.59 If you perform the "replacement test" to assign pro-R/pro-S prochirality, you will see that 


the right “arm” of citrate is pro-R and the product pictured on the right is formed. The pro- 
S arm is unchanged. 


HO CO, CO2 
mene У we таса ai Келе мой кИ CO. 
4x NEN 
рго-5 pro-R 
5.60 
pro-S Sk 
НЕОН ate ADP Ld 
НО» © ан НО С тан 
| р 
VACUA СН>ОРО. 27 


pro-R Glycerol Glycerol phosphate 
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5.61 
HO H О H е 
Ny | H5O | | 
C С IN. 
ЫК bd Чаа: we HaC^ “С^ “SACP 
pro-R я Н H-—pro-S H 
(R)-3-Hydrox ybutyry1 ACP trens-Crotony] ACP 
The reaction removes the pro-R. hydrogen. 
General Problems 
5.62 
Hs H HOC 
Ne d B" Bom S . WS, 
HO»C A CO2H нос В H H C COH 
cis trans 


meso 
B and € are enantiomers and are optically active. Compound А is their diastereomer and is 
а meso compound, which 1$ not optically active. 

The two isomeric cyclobutane-1,3-dicarboxylic acids are achiral and are optically inactive. 
HOG 


5.63 
H H 
IR ls 
HOC“ 7E “CH SH ном 7" 7 CH;SH 
H-N CO5H 
5.64 
H 4 H H 
HoN' 4/7 CH4SH HSCH; СОН —* HoN7477-6H,S—SCH; vw COH 
CO3H NH» COH NH» 


Cystine has the (5,5) configuration and is optically active. 


= 
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(а) H Br (b) 5 AUR 
L мз 
бы ian А : 
Br H 


meso-3 S-Heptanedio! 


5.65 


(2S.3R)-2 3-Dibromopentane 


5.66 All chirality centers of Cephalexin have an (А) configuration. 
HN H Н 


| H H 
T Мы гу S 
у | Cephalexin 
О М 
CH3 


о 
COH 


5.67 


CH5OH К 
jj л Chloramphenicol 
н | NHCOCHCI 
OoN 


5.68 Mycomycin contains no chiral carbon atoms, yet is chiral. To see why, make a model of 
mycomycin. For simplicity, call -CH=CHCH=CHCH2CO?H “A” and -C=CC=CH “В”. 
The carbon atoms of an allene have a linear relationship and that the л bonds formed are 
perpendicular to each other. Attach substituents at the sp? carbons. 


Notice that the substituents A, Ha, and all carbon atoms lie in a plane that is perpendicular 
to the plane that contains В, Нь, and all carbon atoms. 


-sC 2 а С — Cot — 
C uA 4 Ha à fA G ip <7 X 
к ЖЕБЕ, Hp 
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Now, make another model identical to the first, except for an exchange of А and На. This 
new allene is not superimposable on the original allene. The two allenes are enantiomers 
and are chiral because they possess no plane of symmetry. 


5.69 4-Methylcyclohexylideneacetic acid is chiral for the same reason that mycomycin 
(Problem 5.68) is chiral: It possesses no plane of symmetry and is not superimposable on 
its mirror image. As in the case of allenes, the two groups at one end of the molecule lie in 
a plane perpendicular to the plane that contains the two groups at the other end. 


COH COH 
HaC- ; H | 
9 C=C pe C=C 
H ` H3C \ 
H H 
5.70 (a) 
СНз С! CH3 CH3 CH3 
| ee | | P | + other 
н-;©°. ћу Се у CI 403 y EM products 
CH5CH CHCH CI CHəCH 
снос“ ^^ 3 Check = 75 CHCI” 27 $  CHaCHe сн,с 
(S)- 1-Chloro- (S)-1.4-Dichloro- tR- 1.2-Dichloro- (5)- 1 2-Dichloro- 
2-methylbutane 2-ncthyibutane Cancihyfbutane 2-methyIbutane 


1:1 mixture 


(b) Chlorination at carbon 4 yields an optically active product because the chirality center 
at C2 is not affected. Chlorination at carbon 2 yields an optically inactive racemic 


product. 
5.71 
СНз СНз СНз CH; 
IS 15 1S R 
Бай: E а в ай шш nh a 
НС Сі Ci =- C ~a H Сів C =H H С -Ci 
IR ГА 15 IR 
APO Br H= C -«Br Bre- C —Н Hir C -« Br 
CHa CH, Сна CH; 
A B C D 


There are four stereoisomers of 2,4-dibromo-3-chloropentane. C and D are enantiomers 
and are optically active. A and B are optically inactive meso compounds and are 
diastereomers. 
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5.72 
CH3 H 
H CH 3 
Нас H4C 
H H 


cis-1.4-Dimethvlcyclohexane trans-1 4-Dimethyleyelohexane 
(a) There is only one stereoisomer of each of the 1,4-dimethylcyclohexanes. 
(b) Neither 1,4-dimethylcyclohexane is chiral. 


(c) Thetwo 1,4-dimethylcyclohexanes are diastereomers. 


H - CH4 
H CH3 H 
CH3 CH3 H 
НС H Нас 


cis-1.3-Dimethylcyclohexane irans- V 3-Dimethylcyclohexane 


5.73 


(a) There is one stereoisomer of cis- 1,3-dimethylcyclohexane, and there are two 
stereoisomers of trans-1,3-dimethylcyclohexane. 


(b) cis-1,3-Dimethylcyclohexane is an achiral meso compound; trans-1,3- 
dimethylcyclohexane exists as а pair of chiral enantiomers. 


(c) The two trans stereoisomers are enantiomers, and both are diastereomers of the cis 
stereoisomer. 
5.74 


CH3 H 
Сна 
H rine = CH3 
CH3 Вір СНз H 
H 
H H CH3 


cís-12-Dimethylcyclohexane 


The two cis-1,2-dimethylcyclohexane enantiomers rapidly interconvert by a ring flip, 
leading to an optically inactive 1:1 mixture. 
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5.75 
неона prc 
в *— - a 5 
i Зов ж HS—C + В 
HUE us \`н 
НАС id CH3 


The product is (R)-2-butanethiol. 


5.76 The reaction proceeds by addition of acetylide anion to the carbonyl group and occurs with 
equal probability from either face of the planar ketone carbon. 


, К Tue 
H40* 
Pod c NU: 
5 НС і сносна H4C 4 CH5CH3 
e C 
ее, Ji ПА 
| HC HC 
C 
ч 
H4C 4 CHCH Ra __ 
i ; T а ү 
=: N E Эс ы КЦ 
Zc 4 `СНәСнз 26° 4 `СньСн» 
нс2 нас нс H4C 
(a) The product is an optically inactive racemic mixture. 
(b) The two enantiomers are formed in a 50:50 ratio. 
5.77 
H H H 
HY 3 0 т Nac cH Hom А E. t un 
=C a M c—cH + C=C 5 
R “ 2.930 2 R Ан c Eco 
4 | с н “CH 
MW \\ 
CH 
(3K 4R)-4-Phenyl- (35 AR)-4-Phenyi- 
| -pentyn-3-o! [-pentvn-3-ol 


(a) Reaction of sodium acetylide with a chiral aldehyde yields chiral products; the 
product mixture is optically active. 


(b) The two products arc a mixture of the (38,4R) and (35,428) diastereomers of 4-phenyl- 
1-pentyn-3-ol. The product ratio can't be predicted, but it is not 50:50. 
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Major Topics Covered (with vocabulary): 


Functional Groups. 

Alkanes: 

saturated aliphatic straight-chain alkane branched-chain alkane isomer 
constitutional isomer alkyl group primary, secondary, tertiary, quaternary carbon 

IUPAC system of nomenclature primary, secondary, tertiary hydrogen paraffin cycloalkane 
cis-trans isomer — stereoisomer 

Alkane Stereochemistry: 

conformer sawhorse representation Newman projection staggered conformation 
eclipsed conformation torsional strain dihedral angle anti conformation 

gauche conformation steric strain angle strain heat of combustion chair conformation 
axial group equatorial group ring-flip — 1,3-diaxial interaction conformational analysis 
boat conformation twist-boat conformation polycyclic molecules  bicycloalkane 
Handedness: 

stereoisomer enantiomer chiral plane of symmetry achiral chirality center 
plane-polarized light optical activity levorotatory dextrorotatory specific rotation 
Stereoisomers and configuration: 

configuration  Cahn-Ingold-Prclog rules absolute configuration diastereomer meso 
compound racemate resolution prochirality Re face Si face prochirality center 
pro-R рғо-5 


Types of Problems: 
After studying these chapters, you should be able to: 


~ Identify functional groups, and draw molecules containing a given functional group. 
- Draw all isomers of a given molecular formula. 

~ Name and draw alkanes апа alkyl groups. 

— Identify carbons and hydrogens as being primary, secondary or tertiary. 

Draw energy vs. angle of rotation graphs for single bond conformations. 

– Draw Newman projections of bond conformations and predict their relative stability. 


Understand the geometry of, and predict the stability of, cycloalkanes having fewer than 6 
carbons. 


- Draw and name substituted cyclohexanes, indicating cis/trans geometry. 
Predict the stability of substituted cyclohexanes by estimating steric intcractions. 
- Calculate the specific rotation of an optically active compound. 


- Locate chirality centers, assign priorities to substituents, and assign А,5 designations to 
chirality centers. 


— Given a stereoisomer, draw its enantiomer and/or diastereomers. 
— Locate the symmetry plane of a meso compound. 

– Assign Pro-R and Pro-S designations to ргос га] groups. 
Identify the face of an sp^-hybridized carbon as pro-R or pro-S. 
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Points to Remember: 


* 


In identifying the functional groups in a compound, some groups have different 
designations that depend on the number and importance of other groups in the molecule. 
For example, a compound containing an -OH group and few other groups is probably 
named as an alcohol, but when several other groups are present , the -OH group is referred 
to as a hydroxyl group. There is a priority list of functional groups in the Appendix of the 
textbook, and this priority order will become more apparent as you progress through the 
text. 


It is surprising how many errors can be madc 10 naming compounds as simple as alkanes. 
Why 1$ this? Often the problem is a result of just not paying attention. It is very easy to 
undercount or overcount the -CH»- groups in а chain and to misnumber substituents. Let's 
work through a problem, using the rules in Section 3.4. 


бнз сносна 
©нзСОН;СНСН;СН3 
CH3 


Eind the longest chain. In the above compound, the longest chain is a hexane (Try all 
possibilities; there are two different six-carbon chains in the compound.) Identify the 
substituents. The compound has two methyl groups and an ethyl group. It's a good idea to 
list these groups to keep track of them. Number the chain and the groups. Try both possible 
sets of numbers, and see which results in the lower combination of numbers. The 
compound might be named either as a 2,2,4-trisubstituted hexane or a 3,5,5-trisubstituted 
hexane, but the first name has a lower combination of numbers. Name the compound, 
remembering the prefix di- and remembering to list substituents in alphabetical order. The 
correct name for the above compound is 4-ethyl-2,2-dimethylhexane. The acronym FINN 
(from the first letters of each step listed above) may be helpful. 


When performing a ring-flip on a cyclohexane ring, keep track of the positions on the ring. 


шш ж 


A helpful strategy for assigning А,5 designations: Using models, build two enantiomers Бу 
adding four groups to each of two tetrahedral carbons. Number the groups 1—4, to represent 
priorities of groups at a tetrahedral carbon, and assign a configuration to cach carbon. 
Attach a label that indicates the configuration of each enantiomer. Keep these two 
enantiomers, and use them to check your answer every time that you need to assign А,5 
configurations to a chiral atom. 


} 


When assigning pro-R or pro-5 designations to a hvdrogen, mentally replace the hydrogen 
that points out of the plane of the page. The other hydrogen is then positioned for 
prochirality assignment without manipulating the molecule. If the designation is А, the 
replaced hydrogen is рго-&; if the designation is 5, the replaced hydrogen is pro-S. 
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Self-test 
СНз над СНз СНз 
CH4CHCH5C Pe ВН ©Н3СНСН»СН»©Н»©СНМНСН(©Н4)» 
CHa ©НЬСНА В 
А Metron 5 (an antihistamine) 


Name А, and identify carbons as primary, secondary, tertiary or quaternary. 


B is an amine with two alkyl substituents. Name these groups and identify alkyl hydrogens as 
primary, secondary or tertiary. 


CH4 СНзО 
i CH 
fencoecns 3 
N 
к < 
ый: НзС "Br 
CH3 Г) р 
C Metalaxyl (a fungicide) 


Identify all functional groups of C (metalaxyl). 


Name D and indicate the cis/trans relationship of the substituents. Draw both possible chair 
conformations, and calculate the energy difference between them. 


Ha P 
H3 
HO н 
: H 
Ubenimex Е 
an antitumor dru . 
( 5) Epiandosterone 


(an androgen) 


Assign R,S designations to the chiral carbons in E. Label the circled hydrogen as pro-R or 
pro-S. Indicate the chirality centers т Е. How many stereoisomers of Е arc possible? 
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Multiple Choice 


1. 


Which of the following functional groups doesn't contain a carbonyl group? 
(a) aldehyde (b) ester (c) ether (d) ketone 


Which of the following compounds contains primary, secondary, tertiary and quaternary 
carbons? 

(a) 2,2,4-Trimethylhexane (6) Ethyleyclohexane (с) 2-Methyl-4-ethylcyclohexane 
(d) 2.2-Dimethylcyclohexane 


How many isomers of the formula CaHsBr» arc there? 


(a) 4 () 6 (с) 8 (49 


The lowest energy conformation of 2-methylbutane occurs: 
(a) when all methyl groups are anti (b) when al! methyl groups are gauche 
(c) when two methyl groups are anti (d) when two methyl groups are eclipsed 


The strain in a cyclopentane ring is due to: 
(a) angle strain (b) torsional strain (c) steric stain. (d) angle strain and torsional strain 


In which molecule do the substituents in the more stable conformation have a diequatorial 
relationship? 

(a) cis-1,2 disubstituted (Б) cis-1,3 disubstituted (с) trans-1,3-disubstituted 

(d) cis-1,4 disubstituted 


Which group is of lower priority than -СН=СН2? 

(а) -CH(CH3p (b) -СН=С(СНз)>2 (c) —C=CH (d) -C(CH3) 

А meso compound and a racemate are identical in all respects except: 

(a) molecular formula (b) degree of rotation of plane-polarized light 
(c) connectivity of atoms (d) physical properties 


Which of the following projections represents an А enantiomer? 


(a) СОН (Ы) Br (c) HOC (d) СНз 
С HaC = с «СОН He, CH; He. ó Br 
Br H Br COH 


How many prochirality centers does 1-bromobutane have? 
(a) попе (Ы) 1 (е) 2 (d)3 
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Chapter 6 — An Overview of Organic Reactions 


Chapter Outline 


I. Organic Reactions (Sections 6.1-6.6). 
A. Kinds of organic reactions (Section 6.1). 


1. 


4. 


Addition reactions occur when two reactants add to form one product, with no atoms 
left over. 

Elimination reacttons occur when a single reactant splits into two products. 
Substitution reactions occur when two reactants exchange parts to yield two new 
products. 

Rearrangement reactions occur when a single product undergoes a rearrangement of 
bonds to yield an isomeric product. 


B. Reaction mechanisms - general information (Section 6.2). 


Б 


А reaction mechanism describes the bonds broken and formed іп a chemical 
reaction, and accounts for all reactants and products. 


Bond breaking and formation in chemical reactions. 

a. Bond breaking is symmetrical (homolytic) if one electron remains with each 
fragment, 

b. Bond breaking is unsymmetrical (heterolytic) if both electrons remain with one 
fragment and the other fragment has a vacant orbital. 

c. Bond formation is symmetrical if one electron in a covalent bond comes from 
each reactant. 

d. Bond formation ts unsymmetrical if both electrons in a covalent bond come from 
one reactant. 

Types of reactions. 

a. Radical reactions involve symmetrical bond breaking and bond formation. 

b. Polar reactions involve unsymmetrical bond breaking and bond formation. 

c. Pericyclic reactions will be studied later. 


C. Radical reactions (Section 6.3). 


l. 
2. 


Radicals are highly reactive because they contain an atom with an unpaired electron. 


А substitution reaction occurs when a radical abstracts an atom and a bonding 
electron from another molecule. 


An addition reaction occurs when a radical adds to a double bond. 
Steps in a radical reaction. 
a. The initiation step produces radicals by the symmetrical cleavage of a bond. 


b. The propagation steps occur when a radical abstracts an atom to produce a new 
radical and a stable molecule. 


i. This sequence of steps is a chain reaction. 
с. A fermination step occurs when two radicals combine. 


In radical reactions, all bonds are broken and formed by reactions of species with odd 
numbers of electrons. 


D. Polar reactions (Sections 6.4—6.6). 


l. 


Characteristics of polar reactions (Section 6.4). 
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a. Polar reactions occur as a result of differences in bond polarities within 
molecules. 
b. These polarities are usually due to electronegativity differences between atoms. 


і Differences may also be due to interactions of functional groups with solvents, 
as well as with Lewis acids or bases. 


ii. Some bonds in which one atom is polarizable may also behave as polar bonds. 


c. In polar reactions, electron-rich sites in one molecule react with electron-poor 
sites in another molecule. 


d. The movement of an electron pair in a polar reaction is shown by a curved, 
fullbeaded arrow, 
і. An electron pair moves from an atom at the tail of the arrow to a second atom 
at the head of the arrow. 


e. Thereacting species: 
i. A nucleophile is a compound with an electron-rich atom. 
ii. An electrophile is a compound with an electron-poor atom. 
iii. Some compounds can behave as both nucleophiles and as electrophiles 
f. Many polar reactions can be explained in terms of acid-base rcactions. 
Ап example of a polar reaction: addition of HBr to ethylene (Section 6.5). 
a. This reaction is known as an electrophilic addition. 
b. The z electrons in ethylene behave as a nucleophile. 
c. The reaction begins by the attack of the л electrons on the clectrophile Н". 
d. The resulting intermediate carbocation reacts with Вг to form bromoethane. 
Rules for using curved arrows in polar reaction mechanisms (Section 6,6). 
a, Electrons must move from a nucleophilic source to an electrophilic sink. 
b. The nucleophile can be either negatively charged or neutral. 
c. The electropbile can be either positively charged or neutral. 
d. The octet rule must be followed. 


II. Describing a reaction (Sections 6.7—6.10). 
A. Equilibria, rates, and energy changes (Section 6.7). 


l. 


АП chemical reactions are equilibria that can be expressed Бу ап equilibrium constant 
Keg that shows the ratio of products to reactants. 

а. If Keq> I, [products] > [reactants]. 

b. If Keg < 1, [reactants] > [products]. 

For a reaction to proceed as written, the energy of the products must be lower than the 
energy of the reactants, 


a, The energy change that occurs during a reaction is described by AG?, the Gibbs 
free-energy change. 


b. Favorable reactions have negative AG? and are exergonic. 

c. Unfavorable reactions have positive AG? and are endergonic. 

d. AG? --RT In Ка. 

АС? is composed of two terms -ДА?, and 45°, which is temperature-dependent. 
a, АН? isa measure of the change in total bonding energy during a reaction. 
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i. МАН? is negative, a reaction is exothermic, 
ii. If AZ is positive, a reaction is endothermic. 
b. AS? (entropy) is a measure of the freedom of motion of a reaction. 
i. A reaction that produces two product molecules from one reactant molecule 
has positive entropy. 
ii. A reaction that produces one product molecule from two reactant molecules 
has negative entropy. 
с. AG? = ЛН? – TAS". 
4. None of these expressions predict the rate of a reaction. 
B. Bond dissociation energies (Section 6.8). 
1. The bond dissociation energy (D) measures the heat needed to break a bond to 
produce two radical fragments. 
2. Each bond has a characteristic strength. 
3. In exothermic reactions, the bonds formed are stronger than the bonds broken. 
C. Energy diagrams and transition states (Section 6.9). 
1. Reaction energy diagrams show the energy changes that occur during a reaction. 
a. The vertical axis represents energy changes, and the horizontal axis (reactton 
coordinatc) represents the progress of a reaction. 
2. The transition state is the highest-energy species in this reaction. 
a. Itis possible for a reaction to have more than one transition state. 
b. The difference in energy between the reactants and the transition state is the 
energy of activation AG*. 
c. Values of АС? range from 40 — 150 kJ/mol. 
3. After reaching the transition state, the reaction can go on to form products or can 
revert to starting material. 
4. Every reaction has its own energy profile. 
D. intermediates (Section 6.10). 


1. Ina reaction of at least two steps, an intermediate is the species that lies at the energy 
minimum between two transition states. 
2. Even though an intermediate lies at an energy minimum between two transition 
states, it is a high-energy species and usually can't be isolated. 
3. Each step of a reaction has its own AG! and AG®, but the total reaction has an overall 
АС. 
4. Biological reactions take place in several small steps, each of which has a small value 
of AG*. 
Ш. A Comparison of biological and laboratory reactions (Section 6.11). 
A. Laboratory rcactions are carried out in organic solvents; biological reactions occur in 
aqueous medtum. 
B. Laboratory reactions take place over a wide variety of temperatures; biological reactions 
take place at the temperature of the organism, usually within narrow limits. 
C. Laboratory reactions are uncatalyzed, or use simple catalysts; biological reactions are 
enzyme-catalyzed. 
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D. Laboratory reagents are usually small and simple; biological reactions involve large, 
complex coenzymes. 

E. Biological reactions have high specificity for substrate, whereas laboratory reactions are 
relatively nonspecific. 
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Solutions to Problems 


6.1 (a) СНВ: + KOH > CHROH + KBrsubstitution 


(b) СНСНВг ———> НС а= СН + HBr — elimination 
(c) НС = СН + H ——-—> CH3:CHs addition 
6.2 
CH3 CH 
CHgCHQCH;CHCH;C| +  CHaCHeCHCCH3 + 
Cl 
E-Chloro-2-methiyipentane 2-Chloro-2-methy Ipentane 
з ү ү 
Ci 
CH4CH5CH2CHCHs = онзснгонснсн + снзснонгснснз 
С! CI 
2-Methy lpentane 3-Chloro- 2- methy]pentane 2-Chloro-4-methyIpentane 
iia 
CICHaCH;CH2CHCH3 


1-Chloro-4-methy Ipeatane 


6.3 Even though this molecule is complex, concentrate on the bonds formed and the bonds 
broken. The tails of the arrows show the location of the bond to be broken, and the heads 
show where the electrons are moving. In radical reactions, the arrow is a fishhook (half- 
headed}. 


The reaction is a radical addition to a double bond and is a rearrangement. 
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6.4 


6.5 


6.6 


- 
л 


An Overview of Organic Reactions I 


Keep in mind: 


(1) Anelectrophile is electron-poor, either because it is positively charged, becausc it has 
a functional group that is positively polarized, or because it has a vacant orbital. 


(2 А nucleophile is electron-rich, either because it has a negative charge, because it has a 
functional group containing a lone electron pair, or because it has a functional group 
that is negatively polarized. 

(3) Some molecules can act as both nucleophiles and electrophiles, depending on the 
reaction conditions. 

(a) The clectron-poor carbon acts as an electrophiic. 

(b) CH3S isa nucleophile because of the sulfur lone-pair electrons and because it is 
negatively charged. 

(c) СаНеМ2 is a nucleophile because of the lone-pair electrons of nitrogen. (Only one of 
the nitrogens is nucleophilic, for reasons that will be explained in a later chapter.) 

(d) CH3CHO is both a nucleophile and an electrophile because of its polar C=O bond. 


(a) 0+ . б d (b) ò+ .. = 9 
H3C Сі: «— nucleophilic НС — $: 
electrophilic nucleophilic 
(с) © м бн: (d) à о: = nucleophilic 
ГТ ЕЕЕ 2C ee electrophilic 
nucleophile HaC ^ 5- 


BF; is likely to be an clectrophile because the electrostatic potential map indicates that it is 
electron-poor (blue). The electron-dot structure shows that BF: lacks a complete electron 
octet and can accept an electron pair from а nucieophile. 


'Е:В:Е: vacant orbital 


Reaction of cyclohexene with НСІ or HBr is an clectrophilie addition reaction in which 
halogen acid adds to a double bond to produce a haloalkanc. 


К Вг 
| + H —Br жете Bromocyclohexane 
H 
С! 
+ H— C! —— id Chlorocsclohexane 
e SI 
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6.7 


6.8 


Chapter 6 


The mechanism is pictured in Figure 6.3. The steps: (1) Attack of the z electrons of the 
double bond on HBr, forming a carbocation; (2) Formation of a C- Br bond by electron pair 
donation from Br. to form the neutral addition product. 


= НВ ВЕ 

HL ee E 

/ 7 | 

: / Н Br 

oor oH | Er eg Я dE УЕН 
cM (2) 
L H HC 
carhocation 2-Bromo-2-methyipropane 


For curved arrow problems, follow these steps: 

(1) Locate the bonding changes. In (a), a bond from nitrogen to chlorine has formed, and 
a CECI bond has broken. 

(2) Identify the nucleophile and electrophile (in (a), the nucteophile is ammonia and thc 
electrophile ts onc CI in the СЪ molecule), and draw a curved arrow whose tail ts near 
the nucleophile and whose head is near the electrophile. 

(3) Check to see that all bonding changes arc accounted for. In (a), we must draw a 
second arrow to show the unsymmetrical bond-breaking of Cl» to form СГ. 


(a) и ы 
"a i P "I ¿Cli 
. A 4, РЕЗ | + .. v 
HE + :Cl—Cl: —— ненен + С: 
H X H 
(b) Ра i3 
LE T — À ^ 7 


A bond has formed between oxygen and the carbon of bromomethane. The bond 
between carbon and bromine has broken. CH3O 1$ the nucleophile and 
bromomethane is the electrophile. 


uin m 


nucleophilic 


А doublc bond has formed between oxygen and carbon, and a carbon-chlorine bond 
has broken. Electrons move from oxygen to form the double bond and from carbon to 
chlorine. 
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6.9 This mechanism will be studied in a later chapter. 


| 
„ес, О 
7 „» ^u _ 
ie СО» HO * со, = 
} 
\\ — _ Ceo CH5CO» + НО 
И ŁC - OC“ 4 \ 
O5C — CHa, CO3 
X 
Ё Do 
© H— 0: 
TN 
H 
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6.10 A negative value of AG? indicates that a reaction is favorable, Thus, a reaction with AG? = 


—44 kJ/mol is more favorable than a reaction with AG? = +44 kJ/mol. 


6.11 From the expression AG? = —AT In Keq, we can see that a large Keq is related to a large 


negative AG? and a favorable reaction. Consequently, a reaction with Keg = 1000 is more 


exergonic than a reaction with Keg = 0,001. 


6.12 A reaction with AG? = 45 kJ/mol is faster than a reaction with AG! = 70 kJ/mol because a 


larger value for AG? indicates a slower reaction. 


6.13 


Intermediate 


Overall 
AG? 


‚а ооо чаво ааа 4 эзе» э злее на 


Product 
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Visualizing Chemistry 


6.14 
CH3CH2CH;CH — CH; + HBr — N, В! 
OF 
CH3CH2CH=CHCH, + HBr 


СНзСН»СН2СНСНЗ 


6.15 
Г | * H —Br 
CH» ME _ 
. Br S CX Br 

or Y „СНз | CH3 
(С ан —Br : 2 
о. | 3 

6.16 (a) The electrostatic potential map shows that the formaldehyde oxygen is electron-rich, 


and the carbon-oxygen bond is polarized. The carbon atom is thus relatively electron- 
poor and is likely to be electrophilic. 

(b) The sulfur atom is more electron-rich than the other atoms of methanethiol and is 
likely to be nucleophilic. 


6.17 
Transition 


‘Transition | 
4-7 sate? 


state 1 


Intermediate 


=.. Products 


| АС? (positive) 


Reactants 


Reaction progress 


(a) AG? is positive. 
(b) There are two steps in the reaction. 
(c) There are two transition states, as indicated on the diagram. 
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6.18 


Reaction progress 
(a) Thereaction involves four steps, noted above. 
(b) Step 1 is the most exergonic because the energy ditference between reactant and 


product (AG?) is greatest. 
(c) Step 2 is slowest because it has the largest value of AG*. 


Energy Diagrams and Reaction Mechanisms 


6.19 A transition state represents a structure occurring at an energy maximum. An intermediate 
Occurs at an energy minimum between two transition states. Even though an intermediate 
may be of such high energy that it cannot be isolated, it is still of lower energy than the 
transition states surrounding it. 


6.20 
‘Transition state 


Pnergy — > 


Reactants 


Reaction progress еее = 
AG? is positive because Key < 1. 
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621 
Transition 
state | NP 
i Transition 
> = Intermediate ; 7” Stale 2 
i і i 14 
| 
JJ PPP 
a Reactants 
E 
a 
n | 
Products 
Reaction progress = 
AG? is negative because Keg > 1. 
6.22 Problem 6.29 shows a reaction energy diagram of a two-step exergonic reaction. Step 2 is 
faster than step 1 because АСО < AGH. 
6.23 
Transition 
state 
\ 
| 
2 
Er 
ль EIER: — 5 
~ | Reactants Products 
» 


Reaction progress. сет 


A reaction with Ке = 1 has AG? = 0. 


6.24 (a) The reaction is exothermic because the sign of AH? is negative. 
(b  AG?-AHP? – TAS? 
= -44 kJ/mol - (298 К) [-0.12 kJ/(K-mol)] 
= -44 kJ/mol + 36 kJ/mol 


= -8 kJ/mol 
The reaction is favorable because the sign of AG? is negative. 
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Е [Products] _ 0.70 _ 


= = —— 2 3 
^ [Reactants] 0.30 


6.25 (a) 


(b) Section 6.9 states that reactions that occur spontaneously have ЛС? of less than 80 
kJ/mol at room temperature. Since this reaction proceeds slowly at room temperature, 
AG* is probably close to 80 kJ/mol. 
(с) | 
‘Transition — intermediate — "[ransition 
state 1 N state 2 
| Ed 
АС? 
= 80 kJámol 


It is not possible to 
determine the energy 
of the intermediate, 


product 
6.26 
H 
CH3 
H + Ht 
СНз 
H 
H 
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6.27 (a) 


Initiation сера 


Propagation (a а 


Cb — > 


2 Cl 


_—== С 
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(b) 
Br 


light 


ne e * Br? 


light 
Initiation ВСВ ee 2Br 
Propagation H ‘a Br H—Br 


Termination {Ww \ Br 


(Y f Y ——————- Brz 
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(c) 


CH3CI 


Initiation 


Propagation 


Termination 


H 
light | 
+ Вг; = H—C—Br 
С 
light 
ВС E 2 Br 


IAQ | 
Н T Br Br ics ШЕ. ж 
С! Cl 
| | 
H of V ta — Е 
СІ Cl 
(сүс | 
H f V Yon ——— к=н 
| 
С! а c 
EC ue Вг; 
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6.28 
(a) Mechanism: " H ..- 
H--Cl С 
bd 4 Мы: 


b) Mechanism: А ae 
( ) i. ^ 4 Br : г 
H--Br 


c) Mechanism: 7 T 
( ) CN H е ( ls oe 


Mechanism: a CI 
Cle —————- 
pu р 


(b) Br 
Mechanism: Br 
о =. 
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(c) О 


cl - ——— 


CI 


Mechanism: О 


cr AJ ci 


Additional Problems 


Polar Reactions 


6.30 
(a) 5+ 8- (b) "Hue (б) kaona H 9 m 
СНаСНЫС== М & O à ketone 6 О ester 
Г 4 CHa al d£ 
ee CH4CCH5C ~ OCH4 
nitrile E dod 
(d) carbon-carbon (e) 80 (f) 59 
double. : : : аа 
Bondi 0 ANDE ӧс aldehyde 
—— ketone 7 x № Н 
amide 
carbon-carbon QT ry 


M 


double bond aromatic ring 


5-0 i ketone 
6.31 (a) The reaction between bromoethane and sodium cyanide is a substitution because two 


reagents exchange parts. 


(b) This reaction is an elimination because two products (cyclohexene and H20) are 
produced from one reactant 


(c) Two reactants form one product in this addition reaction. 


(d) This is a substitution reaction. 
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6.32 е electrophilic site n = nucleophilic site 
(a) (b) n 
p 
NHCH; 
n< 4 
€ н CH3 
Amphetamine 


Testosterone 


6.33 Nucleophiles are the electron donors in carbon bond forming reactions while the electron 
acceptors are the electrophiles. 


(a) © ©) 
Мз + CH3CI — CH3N3 + CI 
Nucleophile Electrophite 
(b) x PANE 
* NO; ———Á 
КС: 
Nucleophile Electrophile 
(c) © 
О нс О 
© 
Electrophile Nucleophile 
6.34 
(a) 
D 
+ На 
H 
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(b) Г H | 
Qu TW os “Ao: OH 
PN нс: = ERA — MEM 
V Uf г. 
CH see CH 
9 :CH К 
6.35 
@) ы 
x "10H 
„Н 
и . LÀ 
А "s 
2 ==” C. + њо + ‘OCH, 
НС 7 “осн нс“ МНА 
Ke 
(b) as, гта 
Z N M E T 
HO HMC = но H С 
Ус “сн; `c? сн, 
H H H 
(с) 
НО: : ОН 
(d) 
:Br HOCH; 
H3C СНз 


Radical Reactions 


6.36 Irradiation initiates the chlorination reaction by producing chlorine radicals. For every 
chlorine radical consumed in the propagation steps, a new Cl: radical is formed to carry on 
the reaction. After irradiation stops, chlorine radicals are still present to carry on the 
propagation steps, but, as time goes on, radicals combine in termination reactions that 
remove them from the reaction mixture. Because the number of radicals decreases, fewer 
propagation cycles occur, and the reaction gradually slows down and stops. 
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a b € b a 
6.37 Pentane has three types of hydrogen atoms, CH: CH; CH: CH; CH3. Although 
monochlorination produces CH3CH2CH2CH2CH2Cl, И is not possible to avoid producing 
CH3CHoCR?CH(CDCH: and CHGCH?2CH(CI)CH2CH? as well. Since neopentane has only 
one type of hydrogen, monochlorination yields a single product. 


6.38 The following compounds yield single monohalogenation products because each has only 
onc kind of hydrogen atom. 


(a) СНзСНз (с) C) (e СНаС== ССН. (f) сн 
ЧР НС uS CH 


6.39 To solve these problems sequentially replace one hydrogen on cach carbon with a chlorine. 
It the compound has a different name it is a different product. 


(а) There are two products. 


JE S P Ee o Жы КЫ un 


Light 
1-chlorobutane 2-chlorobutane 


(b) There are four products. 


p еу р d Pa AY рот 


1-chloro-2-methylbutane ^ 2-chloro-2-methylbutane 1-chloro-3-methylbutane 


Ci 
2-chloro-3-methyIbutane 


(c) There are three products. 


O09 GC x 


1-chloro-1 -methycyclopentane 1-chloro-2-methycyclopentane 1-chloro-3-methycyclopentane 


6.40 To answer this question scquentially replace each hydrogen in the molecule with a 
hydrogen and assign the configuration to any stereocenters. If the molecule has a different 
name it is a different product. 


(a) There are three products. 


H CI С, Н 
Cle CI pa 2S 
Pd — e ай 


Light 
1-chlorobutane (R)-2-chlorobutane (S)-2-chlorobutane 
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(b) There are seven products 


Light 
(R)-1-chloro-2-methylbutane (S)- 1-chlaeo- 2-melhylbutane (F]-2-chtoro-2-methylbutane (S)-Z-chlor-2-methylbutane 


pu 
ан ©! 


{R}-2-chloro-3-methy butana (S)-2:chloro«}-mathyloutane 1-chloro-3-methylbutane 
(c) There are nine products. 


— Light 


Ti chlero- 1 meth yoyclopentana 


,H „СН 
Va H 
тен | : e 
Cl CI H H 
OR 2R)-1«chlero-e-methycyclopsntane — (1R,28)-1-chloro-24methycydopentone {15 2R}-1-chloro-2-melhycyclopentane (15,29). 1-Chloro- 2-melhycyclopentane 
E е S „ен: 
СНз s eu 
a7 с^ NS : И" 
cl © 


{18.2#8)-1-сһїоге-3-теїлусусйореМапе — (1R,2R)-1 «chloro-3-metycydopentane — {1В.28)-1-спюго-3-мепусудоремате — (1R,2R)-1-chlora-3.methycydopentane 


6.41 
+ 
(а) H 


(c) - 
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General Problems 


6.42 i 
CHa | бнз њо CHs H| но Сна + нз" 
H3C—C—C| == cc =—— н3С—С—0О+ +" н е—с—О—Нн 
CH3 TS. I | CH3 T.S. 2 CH, H| FS. 3 CH3 + Cl 
Intermediate | Intermediate 2 


(а) AG? for the first step is approximately 80 kJ/mol because the reaction takes place 
slowly at room temperaturc. AG? values for the second and third steps are smaller - 
perhaps 60 kJ/mol for Step 2, and 40 kJ/mol for Step 3. AG? is approximately zero 
because K« is close to 1. 


(b) 


Energs 


6.43 
з [ фа Л ри йг 
нс: = | HC =C E нс EOS) | == не-с-о-н 
Сна сн, нс 7H CH3 
+ IC z + HgO* 
^^ О ч 
H” *'* TH 
6.44 AG? = AH? - TAS? 
= —75 kJ/mol - (298 К) (0.054 КУК mol) 
= —75 kJ/mol - 16 kJ/mol 
= —9] kJ/mol 
The reaction is exothermic because ДЕ” is negative, and it is exergonic because AG? is 
negative. 
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6.45 
снб, d bond formed 
bond formed" lob Н е н н i 
Æ cic —— CHOH + C=C +в: 
— on Bet y 
ond broken H LIBI: bond broken H H 
3 


6.46 Each arrow represents either the formation of a bond or the breaking of a bond. The 
numbers over the arrows identify the bonds broken and formed. 


eee. d Go 
Их 7NHS Мер! c | | Step 2 
—— M + ——» 
нас” ^c i 
Acetyl chloride ED 
1 
' Or 7 c N O 
ШЧ № Step 3 Г | 
СУ we Cais Ж МИС 
HaC^ МН» нас” NH; 
д СЛ Acetamide 
Bonds formed Bonds broken 
Step 1: C-N (H) C-O (2) 
Step 2: C-O (0) ССІ (2) 
Step 3: N-H (D N-H (2) 
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6.47 
CH3 
HC Нас. "E 
C a E 
/ \ + “о: 
CH3 | сна isomeric НзС Qn \ | 
х. carbocation н М H 
intermediate | 3. 
CH3 
HaC 
А 
+ 
HC OH + H30 
o-Terpineol 


Step 1: Attack of the double bond z electrons on the carbocation to form the isomeric 
carbocation. 


Step 2: Addition of water to the intermediate carbocation. 
Step 3:  Deprotonation. 


6.48 
+ QR Seok 
/' NS 9 f N^ 
R Il- " 73 —> А + СО» 
r Tos ^ CH3 
C о: C 
РА \ “= | 
HO CH; OH 
(b) OPO? T CH3 
+ РОЗ 
HoC 
+ со, 
| ОРР ОРР 
(с) 2-ОзРОСН» CH3 
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6.42 
CH H 
fee уз qe 
CH4C =C CHo + HBr —— енен + He ers 
H Br 
2-Methylpropene |-Bromo-2-methylpropane 2-Bromo-2-methylpropane 
6.43 
CH | H H 
CH34C-— CH, + НВг —*- | КЕЕ 7. + CH3C 7 СНз 
| H 


The second carbocation is more stable because more alkyl substituents are bonded to the 
positively charged carbon. 
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Chapter Outline 


I. Introduction to alkene chemistry (Sections 7.1—7.7). 
A. Industrial preparation and use of alkenes (Section 7.1). 
1. Ethylene and propylene are the two most important organic chemicals produced 
industrially. 
2. Ethylene, propylene and butene are synthesized by thermal cracking. 
a. Thermal cracking involves homolytic breaking of C-H and C-C bonds. 
b. Thermal cracking reactions are dominated by entropy. 
B. Calculating a molecule's degree of unsaturation (Section 7.2). 
1. The degree of unsaturation of a molecule describes the number of multiple bonds 
and/or rings in a molecule. 
2. To calculate degree of unsaturation of a compound, first determine the equivalent 
hydrocarbon formula of the compound. 


a. Add the number of halogens to the number of hydrogens. 
b. Subtract one hydrogen for every nitrogen. 
c. Ignore the number of oxygens. 

3. Calculate the number of pairs of hydrogens that would be present in an alkane 
С.Н, +2 that has the same number of carbons as the equivalent hydrocarbon of the 
compound of interest. The difference is the degree of unsaturation. 

С. Naming alkenes (Section 7.3). 

1. Find the longest chain containing the double bond, and name it, using “ene” as a 
suffix. 

2. Number the carbon atoms in the chain, beginning at the end nearer the double bond. 

3. Number the substituents and write the name. 

a. Name the substituents alphabetically. 
b. Indicate the position of the double bond. 
c. Use the suffixes -diene, -triene, etc. if more than one double bond is present. 

4. A newer IUPAC naming system places the number locant of the double bond 
immediately before the -ene suffix (not used in this book). 

5. Forcycloalkenes, the double bond is between C1 and C2, and substituents receive the 
lowest possible numbers. 

6. А —CHz- substituent is a methylene group, a H2C-CH- group is a vinyl group, and a 
Н2С=СНСН>- group is an allyl group. 

D. Double bond geometry (Sections 7.4—7.5). 
1. Electronic structure of alkenes (Section 7.4). 
a. Carbon atoms in a double bond are sp*-hybridized. 
b. The two carbons in a double bond form one о bond and one л bond. 
c. Free rotation doesn't occur around double bonds. 
d. 350 kJ/mol of energy is required to break a x bond. 
2. Cis-trans isomerism. 
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3. 


a. A disubstituted alkene can have substituents either on the same side of the double 
bond (cis) or on opposite sides (trans). 
b. These isomers don't interconvert because free rotation about a double bond isn't 
possible. 
c. Cis-trans isomerism doesn't occur if one carbon in the double bond is bonded to 
identical substituents. 
E,Z isomerism (Section 7.5). 
a. The EZ system is used to describe the arrangement of substituents around a 
double bond that can’t be described by the cis-trans system. 
b. Sequence rules for Ё, 2 isomers: 
i. Foreach double bond carbon, rank its substituents by atomic number. 
(a). An atom with a higher atomic number receives a higher priority than an 
atom with a lower atomic number. 
ii. If a decision can't be reached based on the first atom, look at the second or 
third atom until a difference is found. 
iii. Multiple-bonded atoms are equivalent to the same number of single-bonded 
atoms. 
c. Ifthe higher-ranked groups are on the same side of the double bond, the alkene 
has Z geometry. 
d. Ifthe higher-ranked groups arc on opposite sides of the double bond, the alkene 
has E geometry. 


E. Stability of alkenes (Section 7.6). 


L 


2. 


Cis alkenes are less stable than trans alkcnes because of steric strain between double 

bond substituents. 

Stabilitics of alkenes can be determined experimentally by measuring: 

a. Cis-trans equilibrium constants. 

b. Heats of hydrogenation — the most useful method. 

The heat of hydrogenation of a cis isomer is a larger negative number than the heat of 

hydrogenation of a trans isomer. 

а. This indicates that a cis isomer is of higher energy and is less stable than a trans 
isomer. 

Alkene double bonds become more stable with increasing substitution for two 

reasons: 

a. Hyperconjugation — a stabilizing interaction between the antibonding л orbital of 
the C-C bond and a filled С-Н c orbital on an adjacent substituent. 

b. More substituted double bonds have more of the stronger 5р2-5р? bonds. 


II. Electrophilic addition reactions (Sections 7.7—7.11). 
A. Addition of H-X to alkenes (Sections 7.7—7.8). 


1. 


Mechanism of addition (Section 7.7). 

a. The electrons of the nucleophilic x bond attack the Н atom of the electrophile 
H-X (X = CI. Br, І, OH). 

b. Two electrons from the x bond form a new с bond between -H and an alkene 
carbon. 
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c. The carbocation intermediate reacts with X^ to form a С-Х bond. 

The energy diagram has two peaks separated by a valley (carbocation intermediate), 
а. The reaction 1$ exergonic. 

b. The first step is slower than the second step. 

Organic reactions are often written in different ways to emphasize different points. 
Orientation of addition: Markovnikov's rule (Section 7.8). 


a. In thc addition of HX to a double bond, H attaches to the carbon with fewer 
substituents, and X attaches to the carbon with more substituents (regiospeciific). 


b. Ifthe carbons have thc same number of substituents, a mixture of products results. 


B. Carbocation structure and stability (Sectton 7.9). 


1. 


2, 


Carbocations are planar; the unoccupied р orbital extends above and below the plane 
containing the cation. 
The stability of carbocations increases with increasing substitution. 
à. Carbocation stability can be measured by studying gas-phase dissociation 
enthalpies. 
Carbocations can be stabilized by inductive effects of neighboring alkyl groups. 
с. Carbocation can be stabilized by hyperconjugation: The more alkyl groups on the 
carbocation, the more opportunities there arc for hyperconjugation. 


C. The Hammond postulate (Section 7.10). 


1. 


2; 


4. 


The transition state for ап endergonic reaction step resembles the product of that step 
because it is closer in energy. 

The transition state for an exergonic reaction step resembles the reactant for that step 
because it is closer in energy. 

In an electrophilic addition reaction, the transition state for alkene protonation 
resembles the carbocation intermediate. 

More stable carbocations form faster because their transition states are also stabilized. 


D. Carbocation rearrangements (Section 7.11). 


1. 


2, 


2 


In some electrophilic addition reactions, products from carbocation rearrangements 
are formed. 

The appearance of these products supports the two-step electrophilic addition 
mechanism, in which an intermediate carbocation is formed. 

Intermediate carbocations can rearrange to morc stable carbocations by either a 
hydride shift (Н with its electron pair) or by an alkyl shift (alkyl group with its 
electron pair). 

In both cases a group moves to an adjacent positively charged carbon, taking its 
bonding electron pair with it. 
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7.1 


7.2 


Chapter 7 


Solutions to Problems 


Because two hydrogens must be removed from a saturated compound to introduce an 
unsaturation, a compound's degree of unsaturation refers to the number of pairs of 
hydrogens by which its formula differs from that of the corresponding saturated 
compound. For example, a saturated alkane with four carbons has the formula C4Hio. The 
compound in (a), C4Hs, which has two fewer (or one pair fewer) hydrogens, may have a 
double bond or a ring. CsH:4 thus has a degree of unsaturation of 1. 
Degree of 
Compound Unsaturation Srmuctures 
(а) C4Hg | CH4CH--:CHCHg ^ CHQ4CH;CH-—CH, (СНз) С — CH; 


Г] [5— ch 


(b) САН 2 СН>=СНСНЕСНЬ СНаСН==С==СН. CH3CECCHa 
снзсн›с=сн м || 
> CH3 [>— СНз >= СН? 
(с) C3H4 2 нс=с=сн, CHC сн > 


Unlike the hydrocarbons in the previous problems, the compounds in this problem contain 
additional elements. Review the rules for these elements. 


(a) Subtract one hydrogen for each nitrogen present to find the formula of the equivalent 
hydrocarbon —CéHs. Compared to the alkane CeHia, the compound of formula CeHa 
has 10 fewer hydrogens, or 5 fewer hydrogen pairs, and has a degrec of unsaturation 
of 5. 


(b) Ce&HsNOs also has 5 degrees of unsaturation because oxygen doesn't affect the 
equivalent hydrocarbon formula of a compound. 


(c) A halogen atom is equivalent to a hydrogen atom in calculating the equivalent 
hydrocarbon formula. For CsHoCla, the equivalent hydrocarbon formula is CsHi2, and 
the degree of unsaturation is 3. 


(d) CoHisBr? — one degree of unsaturation. 
(e) CioH12N203 — 6 degrees of unsaturation. 
(f) C20H32CIN — 5 degrees of unsaturation. 
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7.3 A Cie hydrocarbon with 11 degrees of unsaturation (three rings and eight double bonds) 
has a formula Ci6H34 — H22 = СН. Adding two hydrogens (because of the two 
nitrogens) and subtracting one hydrogen (because of the chlorine), gives the formula 
Cie Hi5CIN2O for Diazepam. 


Diazepam 
Ci LN 


7.4 (1) Find the longest chain containing the double bond and name it. In (a), the longest 
chain is a pentene. 


(2) Identify the substituents. There аге three methyl groups in (а). 


(3) Number the substituents, remembering that the double bond receives the lowest 
possible number. The methyl groups are attached to C3 and C4 (two methyl groups). 


(4) Name the compound, remembering to use the prefix “tri-” before “methyl” and 
remembering to use a number to signify the location of the double bond. The name of 
the compound in (a) is 3,4,4-trimcthyl- | -pentene. 


(a) Св Gls (b) us 
H2C— CHCH — CCHa CH4CH5CH — CCH5CH4 
1 2 3 +53 
CH3 
3.4 A-Trimethyl- l-pentene 3-Methyl-3-hexene 
СНаСН = CHCHCH = CHCHCH3 CH3CH5CH5CH == CHCHCHSCH3 
4.7-Dimethyl-2.5-octadiene 6-Ethyl-7-methyl-4-nonene 
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7.5 It's much easier to draw а structure from a given name than it is to name a structure. First, 
draw the carbon chain, placing the double bond or bonds in the designated locations. Then 
attach the cited groups in the proper positions. 


(а) oe (b) Nos 
HaC= CHCHeCHa = СН? CH4CH5CH3CH = CC(CH4)4 
2-Methyl-1 5-hexadiene A-Ethyl-2.2-dimethyI-3-heptene 

(с) Cha СНз (d) CHg СНз 
снысн=снсн= сне —C=CHy CHCH — CHCH; 

CH; P =с, 
2.3.3 T rimethyl-1.4.6-0ctatriene Vrae ОНОН 
СНз CH3 


3.4-Ditsopropy l-2 S-dimethyi-3-hexene 


7.6 
(a) (b) (с) - 
л. 
54 
аа 3 4-Dimethylcycloheptene 3-Isopropyleyclopentene 


7.7 Inthe new naming system, the bond locant appears directly before —ene or —dienc. 


(ay qH QC (b) сн; 
Снзсснгсн=ССнз 
СНз CH3 
Old: 2.5 5-Trimethyl-2-hexene Old: 2.3-Dimethyl- 1 3-cyclohexadiene 
New: 2.5.5-Trimethylhex-2-ene New: 2.3-Dimethyleyciohexa- I .3-diene 
7.8 
23 
10 
1 
9 


cis-9- l'ricosene 
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Compounds (c), (e), and (f) can exist as cis-trans isomers. 


(c) H P H НЗ 
CH3CH5CH = CHCH5 pro с=с 
CH3CHz СН; CH4CHo н 
(е) H Н H я 
CICH — CICH С=С с=с 
[4 N N 
Cl Cl Ct H 
(f) ноя Hg 
BrCH = CHCI с=с с=с 
Br С! Br H 
(а) Hac СНз (b) H  СН2СН 
HaC mE 
CHgCHCH Сн; 9v rs 
с=с CH3CHCH, H 
/ N 
H H trans-6-Methy |-3-heptene 


cés-4.S-Dimeths1-2-hexene 


Review the sequence rules presented in Section 7.5. A summary: 


Rule 1: — An atom with a higher atomic number has priority over an atom with a lower 
atomic number. 

Rule 2: Ifa decision can't be reached by using Rule |, look at the second, third, or 
fourth atom away from the double-bond carbon until a decision can be made. 

Rule 3: Multipte-bonded atoms are equivalent to the same number of single-bonded 


atoms. 


|. [Higher ^ |Lower | Rule |  |Higher | Lower | Rule | 
ИШ po (e wr и. у" рз е ee 
(а) [-CHs 


Highest priority —————> Lowest Priority 


(а) -C]-OH,-CH;-H 

(b -СН;ОН,-СН=СН›, —CH2CH:, —CH3 
(с) -CO:H, -CH:OH, —C=N, -CHoNH? 

(d) -CH:OCH;, -C = N, -C = CH, -СНСНз 
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7.13 


Chapter 7 


(a) 


(b) 


(c) 


(d) 


Low НзС, „СНгон Low 
с=с 2 
" . / \ 
High CH3CHo Cl High 
First, consider the substituents on the right side of the double bond. —С1 ranks higher 
than -CH20H by Rule 1 of the Cahn-Ingold-Prelog rules. On the left side of the 


double bond, -CH2CH: ranks higher than -СНз. The isomer is Z when the two higher 
priority groups lie on the same side of the double bond. Otherwise, the isomer is £, 


H igh Ci \ fe Hao Hs Low 
с=с Е 
/ \ | 

Low  CH30 CHs;CHoCH4 High 


High 430 COH High 
= 2 


\ 
Low CHOH Low 


Notice that the upper substituent on the left side of the double bond is of higher 
priority because of the methyl group attached to the ring. 


Low H CN High 
\ / 


== Z 
Low CHOH Low 
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7.15 More stable 
(a) Et „СНз 
C=C 
/ \ 
H CH3 


2-Майургорепе 
disubstituted double bond 


(b) HU „Сн2СноСнз 


trans-2-Hexene 


no steric strain 


(с) CH3 


| -Methyleyclohexene 


trisubstituted double bond 
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Less stable 


H СнәСна 


i-Butene 
manosubstituted double bond 


/ b 
HC CH5CH5CH4 
cis-2-Hexene 


sterie strain of groups on the 
same side of the double bond 


CH; 


3-Methyleyclohexene 


disubstituted double bond 
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7.16 All of these reactions are electrophilic additions of HX to an alkene. Use Markovnikov’s 


rule to predict orientation. 


(a) H 
» NM 
+ HC  ——- К Chlorocyclohexane 
H 


Br 
| 


(CH39C— CHCHSCH, + HBr ———» (CHa}gCCH2CH2CH3 


In accordance with Markovnikov’s rule, H forms a bond to the carbon with fewer 


2-Bromo-2-methylpentane 


substituents, and Br forms а bond to the carbon with more substituents. 


(b) 
с CH3 
o | CHC H20 
CHa CH НЕ СН. ———> 
үа ? н›804 
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(d) CH» Br 
CH; 
+ HBr ж 


|-Bromo- | -methyicyclohexane 


7.17 Think backward in choosing the alkene starting material for synthesis of the desired 
haloalkanes. Remember that halogen is bonded to one end of thc double bond and that 
more than one starting material can give rise to the desired product. 


= oe 
+ НВг —-— 


Cyclopentenc 


H3P 


(b) CH5CH4 
| 
„КЇ „ CHaCHa 
or O4 


CHCH; 


(c) Br 
CH3CHyCH=CHCH2CH, + HBr ———» — CH4CHSCH4CHCH;CH 


3-Hexene 


(4) Cl 
EN 
* BOLD == 


7.18 The more stable carbocation is formed 
(a) Сиз СН | CHa CH3 | CHa Сна 


carbocation intermediate Вг 


(b) Kis. EX XS | 
CHCH, — | CHaCH4 | ——— 
HaPO4 | CH5CHa 


carbocation mtermediate 
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7.19 Two representations of the secondary carbocation are shown on the lett below. This 
secondary carbocation can experience hyperconjugative overlap with two hydrogens under 
normal circumstances. However, in the alignment shown in the drawing, only one 
hydrogen (circled) is in the correct position for hyperconjugative overlap with the 
carbocation carbon. 


Because there is rotation about the carbon-carbon bonds, all of the hydrogens starred in the 
representation on the far right can be involved in hyperconjugation at some time. 


Н.С H4C iH Y H4C 
M Xo VAS ub. уум T Ue cd 
CHCHCH; a uoc. pc ee : 
d “fj 
HC f H4C H H4C H 


7.20 The second step in the electrophilic addition of HC! to an alkene is exergonic. According 
to the Hammond postulate, the transition state should resemble the carbocation 
intermediate. 


Qe Cl — Transition stale 


Intermediate 


Reaction progress = 


7.21 


ia 
Br Ne 
D Z Bri 


W id HCH, MEM Br 


Step 1:  Electrophilic addition of H^ to double bond. 


ж. С) + 


i 
9 


Step 2: Hydride shift that forms a more stable tertiary carbocation. 


Step 3: Reaction of carbocation with Вг. 


© 2016 Cengage Leanuny AU Rights Reserved. May not be scanned, copied or duplicated, or posted го a publicly accessible website, in whole or in part. 


166 Chapter 7 


Visualizing Chemistry 


732 
(a) (b) 
R Z 


2435-Trimethyl-2-hexene 1-Ethyl-3 3-dimethyleyelohexene 
7.23 
(а) = (b) High OCH; High 
High Cl — Low » А 5 
== Е 7 22 с^ 7 
Low рО High Low OH Low 
H 
7.24 


у= 


: ; " 
И E ОН ae Же сн 
d 2''3 

(ene 


Either of the two compounds shown can form the illustrated tertiary carbocation when they 
react with НСІ. In the conformation shown, the three circled hydrogens are aligned for 
maximum overlap with the vacant p orbital. Because of conformational mobility, the three 
starred hydrogens are also able to be involved in hyperconjugation. 


PE 
Ке ES 
ua pem 
ыў, + 
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7.25 
а : HBr " 
( ==” or ( )— er d — i 
HaC H3C H3C НАС 


Mechanism Problems 


7.26 (a) 
| 
aco d^ 


"s у Ck 
Mechanism: "Pi d ug 


cr 
Cy 
(b) 
Br 
ya = EAM 
A 


Mechanism: Е 
Mie aes 
Ton as E du 
» Б + 
Pd 
(c) 
KI l 
——Á 
НзРО. 
Mechanism: 
- A Pd ‘Tt 
Ea E oe 
HOUR RU 
‚он 
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7.27 (a) 


ER б. 
Ci 
C. 
ны: + 
n A v Bi uH died zc d d 


Br, 


Mechanism: 


(b) 


HBr 


Mechanism. vs ds 
Br: 3 Br: 
5 ee 


dino | 
Pas a x 
(o) | 


- ^ nd i m 
KI А 
— . 
i HPO, ^ 


Mechatnsn. 


TG 
"AA ede Eis wh 

yak H> j^ GH +o ra i m ү 
Ho = — dH — с 


or n 
hydride 


" PAM r 
c n snk oN shift oa Oa 21 
С] aunt : iso 


7.28 Note: Because the carbocation intermediate is resonance stabilized there are two locations 
where the bromine can add. 


awd = BE р + Вг „Мм 7 


Mechanism: 
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7.29 
H Pe js 
о жк 
2 1 
H H 
methyl vinyl ether 
LJ Ка 
A *ОСНз H Fen If the oxygen is protonated resonance would result in а 
c= уб very unstable resonance form with а +2 charge on the oxygen. 
/ /2 4 
2 1 d 2 
unstable 
қ, Роњ 
б—с—н If C1 is protonated there is no way to stabilize the positive charge 
/2 15 
H 
E NES 
H t OCH3 " y CHs The proton adds to C2, When the proton adds to this carbon 
H—c— C — H—c—C the carbocation is stabilized by formatian of a extremely stable 
/2 1 /2 1X resonance form containing an extra pi-bond. 
H 
very stable 
7.30 


де | 
d hydride 
"urbocation y 


shilt carbocation 


731 
CH3 CH3 
CH3 CH3 
T e ——- 
$ | CH3 
bond i. CH; : T 
shift = “Cle 


(alkvishift) — ^7 
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7.32 


H, ‚:Вазе Limonene 
Мм 


Step 2, in which the double bond electrons add to the carbocation, is an alkene 
electrophilic addition. 


7.33 


H 


CHa 


epi-Aristolochene 


Steps | and 2 are alkene electrophilic additions, and steps 3 and 4 involve carbocation 
rearrangements, 


Additional Problems 


Calculating a Degree of Unsaturation 


7.34 The purpose of this problem is to give you experience in calculating the number of double 


bonds and/or rings in a formula. Additionally, you will learn to draw structures containing 


various functional groups. Remember that any formula that satisfies the rules of valency is 


acceptable. Try to identify functional groups in the structures that you draw. Many 
structures are acceptable for each part of this problem. 
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(a) CioHic – 3 degrees of unsaturation. Examples: 


CH4CH5CH —CHCH =CHCH=CHCH,CH; 


(b) CsHsO. The equivalent hydrocarbon is CsHs, which has 5 degrees of unsaturation. 


9 ae Ketone о ww aldehyde q a aldehyde 
mne aromatic one 
nng ketone ~a ring ke tone 9 ring 
тл —CH 
PN dd 2 COE doublc 
bonds. p. o7 bonds 


(c) C?HioCl? has CH » as its equivalent hydrocarbon formula. C7H10Clz has two degrees 


of unsaturation. 
pe double bonds 
halide — CI H CH3 H 
| i \ | / 
CHsCH2CHCHCH?C = CH C= CHCCH=C, 
Сі ~— halide cl CHa e 
w halides "id 
double bond double bond 
C 
mi / f CH, 
halide сн, 
halide Cl р 
M iet Mur h ;" halides 
H3C Cl halide а Cl halide Cl - 
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(d) CioHi6Q2 — 3 degrees of unsaturation (CioHis = equivalent hydrocarbon formula). 


double bonds ester ketones 


\ ох, AX о 


HC =CHCH = CHCHsCH2GH2CH,COCH 3 


alcohol ketone aldehyde 5 ово 


M 


boot [iJ 
^O other 


(e) CsHoNO: - 2 degrees of unsaturation (CsHs = equivalent hydrocarbon formula). 


ketone amide double bond nitro 

о о group 

“9 R | T 
CH3CH5CCH2CNHa HC —CHCHSCH;CHSN 0 
double bond carboxylic O amide ketone 
о РА acid P d D f МН, 
HC — CHCHaNHCH5COH HO N—H amine 
A Mises dn 
amine alcohol О -— «е 


(f) CsHi0CINO — 4 degrees of unsaturation (CsHio = equivalent hydrocarbon formula). 


double bonds amide — double bonds --., оС 
| ethe 
ч у A Ne ce А е halide 
ce CHCH =CHCH — CHCH4CNH; | { 
а“ -— halide anüne —» м CI 
H 
; | H 
halide — Ci double № amine 
Nd hond Qs. 
amine double | ketone -7 
bond 
© CH2NHa amine 4 j | -— hotone | 
alcohol СЕ -— halide НМ О halide — С 
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(а) 
(b) 
(c) 
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Compound Equivalent hydrocarbon Degree of Complete formula 
formula unsaturation 

CsH:02 СН 3 CsH1202 

CzH-N СН» 2 C7Hi3N 

CHNO CoHoo 4 CsHi3NO 


7.36 Solve this problem in the same way as we solved problems 7.3 and 7.27. A C22 
hydrocarbon with 12 degrees of unsaturation (four rings and eight double bonds) has a 
formula C22Hae — H24 = C22H»». Adding two hydrogens (because of the two nitrogens) and 
subtracting one hydrogen (because of the chlorine), gives the formula Cz2H23CIN2O2 for 
Loratadine. 


Naming Alkenes 


7.37 
(а) 


(d) 


Loratadine 
Gig (b) СНз queens (с) ноба 
н  Снснгснз CHCHCH;CH,CH CH3 НС — CCH3CH; 
C=C C=C 
РА M É N 
нс H H3C H 
LEY 4-Methyl-2-hexene (Zi-A-Ethyl-37- 2-Ethyl-1 -butene 
dimethyl-2-octene 
H, нз (е) : H Н (f) H4C — C — CHCH3 
СНз C=C H3C pep 
p ` \ / \ 
HoC—=CHCHCH H c=c CH. 
í / \ 3 
Fi . 
СНз ааа Om 1 2-Butadietie 
(5£)-3.4-Dimethyl- (27 4E)-4.5-Dimethy l- 
l 5-heptadiene 2 4-octadiene 
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7.38 
(а) Нз (b) H Н 
ң  њс=сн, с=с 
с=с снзсн; — CHC(CHg)gCH= CHa 
/ \ 
Нас CHa CH3CH5CHj 
(4£)-2 A-Dimethyl-1 4-hexadicne cis-3,3-Dimethyl-4- propyl- | S-octadicne 
(c) Нз (9) | à н 
CH4CHCH — C — бнр us d e 
"e 20x, Ho бы 
J-Methyl- 1 2-pentadicne H 
GE SZ)-2.6-Dimethyl- 1.3.5 7-octatetraene 
(e) СНЗСИРСН2СН2 Н (f) (СНз)зС, Н 
с=с C=C 
/ \ / \ 
CH4CH5»CH5CHo СНз H C(CH3)5 
3-ButvI-2-heptene trans-2 2.5,5- Tetramethyl-3-hexene 
7.39 


(a) CH3 (b) (c) uad м. 


Say PIPER Ethyl-1 3-cyclobutadiene 
3-Methy lcyclohexene ] 5-Dimethyleyclopentene 


(d) (e) (f) 


| .2-Dimethyl-1 4- 5 Methyl-1.3 i .5-Cyclooctadiene 
cyclohexadiene 5-Methyl- 1,3- 
cvclohexadiene 
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7.40 Because the longest carbon chain contains 8 carbons and 3 double bonds, ocimene is an 
octatriene. Start numbering at the end that will give the lower number to the first double 
bond (1,3,6 is lower than 2,5,7). Number the methyl substituents and, finally, name the 


compound. 


2 


7.41 


2 A 


(3E,6E)-3,7,11- Trimethyl-1,3,6,10-dodecatetraene 


7.42 


NS 


(3Е)-3 7-Dimethylocta-1.3.6-triene 


67 SS 


o-Farnesene 


< = Menthene 


7.43 


CH4CH3CH4CH = CH» 


| -Pentenc 


H 
CHyCHo н 
с=с 
/ x 
Нас H 


2-Methyl-i-butene 


CHaCHe СНз 
£ С. 
H H 


(Z)-2-Pentene 


^ 
CHCH н 
d / 
а 
H H 


3-Methyl-| -butene 


CH.CH, Н 
pre 
H CH3 


UE)-2-Pentene 


2-Methyl-2-bulene 
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7.44 Start with 1-hexene and continue on until all hexenes are named, making sure that E,Z 
designations have been made when necessary. Then move on to all i-pentenes, 2-pentenes, 


etc. 


CHa3CH5CH5CH3CH — СН} 


i-Hexene 
CHsCH, СнгСна 
С=С, 
H H 


(Z)-3-Hexene 


e 
CH3CH 2CH P 
г. d A 
H H 


3-Methy} 1 -pentene 


CHCH Сна 
с=с, 
Нас H 


(GD2-3-Methyl-2-pentene 


рч 
CHgCH н 
б = 
H CH3 


(£)-4-Methyl-2-pentene 


CH3CH2 Н 
б С, 
CHa4CHo H 


2-Ethvl- 1 -buiene 


CH3CHCH> CHa 
СЯ 
H H 


{Z)-2-Hexene 


сын; H 
с=с 
f \ 
H снна 


(£)-3-Hexene 


рч 

CH3CHCH> н 
ETS 

H H 


4-Methyl-1-pentene 


CH3CH> H 
C=C 
/ N 

H3C CH3 


(£)-3-Methyl-2-pentene 


CH, 

CHCH H 
\ / 
C=C 
А \ 

нас н 


2,3-Dimethyl-1-butene 


H 
H3C СН 
сее 
/ Y 
Нас CH 


2 3-DimethyI-2-butene 


CHaCHCHa Н 
ran 
H CH, 


(E 2-Hexene 


2-Methyl- HF-pentene 


снзОн; Сна 
pro 
H CH3 


2-Methvl-2-pentene 


ре 
CH3CH Сну 
с=с 
/ \ 
H H 


(Z)-4-Methy J-2-pentene 


ёч 
CH3CCH; Н 
PaL 
H H 


3,3-Dimethyl- l-butene 
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Alkene Isomers and Their Stability 


7.45 Highest priority — ——9 Lowest Priority 


(a) -I, Вг, -CIb, -H 
(b) -OCH;, -OH, -CO:H, -H 
(c) —СО2СНз, -CO3H, -CH:0H, —CH3 
(d) —СОСНз, —CH2CH20H, -CH2;CH;, —CH3 
(e) -CH:Br, -C = N, -CH2NH»?, -CH=CH2 
(0 -CH:OCH;, -CH20H, -CH = СН», CH2CH3 
7.46 
(à) High HOCH; Сн High (b) 
С = C. я 
Low HaC H Low 
(с) High NC, бн» Low (d) 
с=с Е 
A \ 7 
Low CH3CH2 CHOH High 
7.47 
(a) 
High НС 
СОон High 
C=C 
\ 
Low H Low 
(b) | 
Low HU нгсн —CH, High 
С=С 


/ \ 
High НЗС CH5CH(CH3) Low 


(c) 
High Br „СНгМН» Low 
с=с 
А | 
Low H CHoNHCH4 High 
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Low HOC H Low 
\ / 


с =C Z 


High Ci OCH3 High 


High H3CO2C, CH= сн, High 


£ = С 2 
CH2CH4 Low 


Low HOC 


Z (correct) 


E (correct) 


E (incorrect) 
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(а) 
High NC CH3 Low 
\ / 
с=с Е (correct) 
/ 
Low — (CHa4)9NCHs СН ОНУ High 
(e) 
High ZN 
c= 7) This compound doesn't show E-Z isomerism. 
/ 
Low H 
(f) 
Low HOCH, POH High 


2 = С, E (correct) 
High  H3COCH; COCH; Low 


7.48 The trend for alkene stability is below. 


R H R R R H R H R R R R 
= < y= = < = < = < )— 
H H H H R H H R R H R R 
monosubstituted cis- terminal trans- trisubstituted tetrasubstituted 
disubstituled disubstituted disubstituted 
(а) 
РА 
< < 
terminal- trisubstituted tetrasubstituted 
disubstituted 
(b) 
cis- trisubstituted tetrasubstituted 
disubstituted 
(c) 
dis in y di db Ў а 
monosubstituted terminal- trisubstituted 


disubstituted 
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7.50 


7.51 


7.52 


7.53 
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As expected, the two trans compounds are more stable than their cis counterparts. The cis— 
trans difference is much more pronounced for the tetramethyl compound, however. Build a 
modcl of cis-2,2,5,5-tetramethyl-3-hexene and notice the extreme crowding of the methyl 
groups. Steric strain makes the cis isomer much less stable than the trans isomer and causes 
cis АНЗвуаюр to have a much larger negative value than trans AHP?tyarog for the hexene 
isomers. 


— cis isomer trans isomer ` 


A model of cyclohexene shows that a six-membcered ring is too small to contain a trans 
double bond without causing severe strain to the ring. A ten-membered ring is flexible 
enough to accommodate either a cis or a trans double bond, although the cis isomer has 
less strain than the trans isomer. 


Build models of the two cyclooctenes and notice the large amount of torsional strain in 

trans-cyclooctene relative to cis-cyclooctene. This torsional strain, in addition to angle 

strain, causes the trans isomer to be of higher energy and to have a АН°һуйо larger than 
the AZ? nang of the cis isomer. 


Models show that the difference in strain between the two cyclononene isomers is smaller 
than the difference between the two cyclooctene isomers. This reduced strain is due to a 
combination of less angle strain and more puckering to relieve torsional strain and is 
reflected in the fact that the values of AH?nydrog for the two cyclononenc isomers are 
relatively close. Nevertheless, the trans isomer is still more strained than the cis isomer. 


Tamoxifen Clomiphene 
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Carbocations and Electrophilic Addition Reactions 


7.54 The order of carbocation stability is below. 


H R R R 
least 
stable pu Ё p А А Б p ote 
H H H H R H R R 
methyl primary secondary tertiary 
(а) 
+ + 
„Лы < „Л < pu 
primary secondary tertiary 
(b) 
+ 
+ 
< < 
+ 
ритагу secondary tertiary 
(c) 
+ 


+ 


primary secondary tertiary 


7.55 Note: Because carbocation formation 15 endergonic, the transition state structure will more 
closely resemble the intermediate carbocation that it will the starting material. Thus, a more 
stable carbocation will form more rapidly than a less stable опе. In each example below, а 
tertiary carbocation will from more quickly than a secondary carbocation because the 
resulting transition state structure is lower in energy. 


secondary carbocation lertiary carbocation 
slower faster 
(b) 
om ГР Cr Cr 
— VS. —- 
tertiary carbocation secondary carbocation 
faster slower 
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(c) 
—- vs. —— 
secondary carbocation tertiary carbocation 
slower faster 


7.56 Carbocations can be resonance stabilized. Draw all the resonance forms that would 
stabilize each carbocation. 


(a) " 
bob d bd d Tu 
(b) 


(c) 
did dd 
ОСН: + ОСН: ОСН: 
7,57 
CHa H 
(a) Е" но qs 
CH3CHeCH = CCH2CH CH3gCHaCHaCCHaCHs 
H5SO, | 
OH 


(b) CH CH3 CH2CH3 


The third product results from rearrangement to a more stable tertiary carbocation. 
(d) CI i 


| 
HaC— CHCH5CH5CH5CH = CH3 + 2 HCl 3 CH4CHCH2CH5CH5CHCH4 
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7.58 
(a) A Br 
CH, 
+ HBr —— 
(b) Br 
(c) (tla or СНз т {з 
СНаСН=СНСНСНУ + HBr ———* CH3CHCHsCHCH3 + CH3CH2CHCHCH, 
T° 
+ a an Sa Па 
Br 


The third product results from rearrangement to a more stable tertiary carbocation. 


7.59 
(a) CH3 р GH 
aci 
CH4CH5C = CHCH3 + H5O === CH3CH2CCH2CH3 
catalyst | 
OH 
OH 
(b) СН? 
2 acid СНз 
2 catalyst 
(c) qa rH 
acid 
CH4CHCH5CH-—CH5 + H2O ————»  CH4CHCH$5CHCH; 
catalyst 
7.60 (a) 
А , t 
CH4CH5CHCH;* == CH4CH3CHCH3 
primary carbocation secondary carbocation 


The primary carbocation rearranges to the more stable secondary carbocation by a 
hydride shift. 
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(b) 
у $ 
CHg¢— CHCH3 e— сне CH2CHs 
CH3 CH, 
secondary carbocation tertiary carbocation 


This hydride shift produces a tertiary carbocation from rearrangement of a secondary 


carbocation. 
(с) Е 
H 
СНз, 3 
СН, 
_ 
primary carbocation tertiary carbocation 


An alkyl shift forms a tertiary carbocation from a primary carbocation. In this 
example, rearrangement involves migration of the electrons from onc of the 
cyclobutane ring bonds to form a cyclopentane ring. 


General Problems 


7.61 The central carbon of allene forms two с bonds and two x bonds. The central carbon is sp- 
hybridized, and the carbon-carbon bond angle is 180^, indicating linear geometry for the 
carbons of allene. The hydrogen atoms on one terminal =CH?2 units are perpendicular to the 
pair of hydrogen atoms on the other =СН? group. 


ps К чш и 


7.62 The heat of hydrogenation for a typical diene is 2 x (AHPhydrog ОЁ an alkene) = -252 kJ/mol. 
Thus, allene, with АН°һудор = —295 kV mol is 43 kJ/mol higher in energy than a typical 
dicne and is less stable. 
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7.63 


trans trans 


Retin А 


Retin A contains five carbon-carbon double bonds. Since the ring double bond can't 
isomerize, Retin А can have 2* = 16 isomers. 


7.64 
(a) (b) , : А 
2 4 6 
РА ° 2 
1 3 5 4 5 
Fucoserraten Ectocarpenc 
GE, SZ)- E 3,5-Octatriene 6-[CZ)- 1 -Butenyl]- 1 4-cycloheptadiene 


7.65 Treatment of the tert-butyl ester with trifluoroacetic acid cleaves the -OC(CH3): group and 
replaces it with an -OH group, which has a lower priority than the -OCH3 group on the 


upper carbon and the -ОС(СН3з)з group that was removed. The result is a change in the E,Z 


designation around the double bond without breaking any of the bonds attached to the 
double-bond carbons. 


K 
Aa 


О 
\ | N 
Low H C—OCH4 Low Low H C—OCHs High 
b á CF4COOH \ / Ё 
cae 2 Е C=C E 
/ \ 
High H3C ‚2—ОС(©Ннз)з High High Нас gon Low 
О O 
7.66 
[x | 
Н —Br | N СНз | . Br CH3 7 
f Hilf p 
ы. —— ж L IL + 
i | 


Attack of the x electrons of the double bond оп H* yields the carbocation pictured on the 
far right. А bond shift (alkyl shift) produces the bracketed intermediate, which reacts with 


Br to yield 1-bromo-2-methylcyclobutane. 
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7.67 (a) СНО 5 degrees of unsaturation 
(b CiaHoCls 8 degrees of unsaturation 
(c) C»H3405 4 degrecs of unsaturation 
(d) СН МО» 6 degrees of unsaturation 
(e) CuHzOs 8 degrees of unsaturation 


(f) Ci7H23NO3 7 degrees of unsaturation 


7.68 The reaction 15 exergonic because it is spontaneous. According to the Hammond postulate, 
the transition state should resemble the isobutyl cation. 


т. | НзС-- 
н ac- ~CHp => n iM H3 Coc CH3 


j 
H3C КА (T 


7.69 
primary transition state (higher energy) 


secondary transition state 
\ "d 


+ (higher energy 
FORCES CHaCH2CHpCHCHo intermediate) 


AG ? 


prim 


AG + 


У ———— 


} 


+ 
CH4CH)CH;CHCHs 


ru 
= 


ner 


GH3CH CH CHCH,Br 


E 


CH3CH_CH2CH=CH> 


F 
CH3CH2CH2CHCH3 


Reaction progress ж 
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7.70 
Transition Sue #1 Transition State #2 
_ К 
С Г de A HaG H 
ЕА uh —— xb oC .. 
2-Bromopentane path AUT Cin Ce, S ite 
C3H7 ч i M H | 
1 C3H7 
30 ran H Г 
oy, unt d = 
I-Bromopentane path "e Me oH Me e RE лык Br 
оло ер н-- S no Cog A _) 
C3H7 - C4Hg 


The first step (carbocation formation) is endergonic for both reaction paths, and both 
transition states resemble the carbocation intermediates. Transition states for the 


exergonic second step also resemble the carbocation intermediate. Transition state #1 fo 
2-bromopentane. 


7.71 Reaction of 1-chloropropane with the Lewis acid АСВ forms a carbocation, The less 
stable propy! carbocation (primary undergoes a hydride shift to produce the more stable 
isopropy! carbocation (secondary), which reacts with benzene to give isopropylbenzene. 


ш mn, 


РА ines E 
i x 
CHgCHSCH,-— Ci + АСЫ = |СН.СН»СН* AIC" ! 
H 
| СОМА + + 
CH3CH — CH3 ——— CH4CHCH4 


ie 
| CHCH3 
CH3CHCH, + ——- 
772 
нс — CH Нз CH3 HaÇ ÇH 
И фы HBr |] кон 20 
CH4CH — С== Сн ас CH4CH — C — CH3 m CHaC — C — CHa 
| CH4OH 
Br 
2 3-Dimethyl-I-butene 2-Bromo-2 3- 


2,3-Dimethyl-2-butene 
dimethylbutane 


The product, 2,3-dimethyl-2-butene, is formed by elimination of HBr from 2-bromo-2,3- 
dimethylbutanc. This product forms because it has the more substituted double bond. 
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Chapter Outline 


1. Preparation of alkenes (Section 8.1). 
А. Dehydrohalogenation. 
1. Reaction of an alkyl halide with a strong base forms an alkene, with loss of HX. 
B. Dehydration. 
1. Treatment of an alcohol with a strong acid forms an alkene, with loss of H20. 
II. Addition reactions of alkenes (Sections 8.2—8.6). 
A. Addition of halogens (halogenation) (Section 8.2). 
1. Bro and Cl react with alkenes to yield 1,2-dihaloalkanes. 
2. Reaction occurs with anti stereochemistry: Both halogens come from opposite sides 
of the molecule. 
3. The reaction intermediate is a cyclic halonium intermediate that is formed in a single 
step by interaction of an alkene with Br* or СГ. 
B. Addition of hypohalous acids (Section 8.3). 
1. Alkenes add HO-X (X = Br or CI), forming halohydrins, when they react with 
halogens in the presence of H20. 
2. The added nucleophile (H20) intercepts the halonium ion to yield a halohydrin. 
3. Bromohydrin formation is usually achieved by NBS in aqueous DMSO. 
4. Aromatic rings are inert to halohydrin reagents. 
C. Addition of water to alkenes (Section 8.4). 
1. Hydration. 
a. Water adds to alkenes to yield alcohols in the presence of a strong acid catalyst. 
b. Although this reaction 18 important industrially, reaction conditions are too severe 
for most molecules. 
2. Oxymercuration. 
a. Addition of Hg(OAcy, followed by МаВНа, converts an alkene to an alcohol. 
b. The mechanism of addition proceeds through a mercurinium ion. 
с. Thereaction follows Markovnikov regiochemistry. 
D. Addition of water to alkenes: hydroboration/oxidation (Section 8.5). 
1. BH; adds to an alkene to produce an organoborane. 
a. Three molecules of alkene add to BH: to produce a trialkylborane. 
2. Treatment of the trialkylborane with H202 forms 3 molecules of an alcohol. 
Addition occurs with syn stereochemistry. 
. Addition occurs with non-Markovnikov regiochemistry. 
a. Hydroboration is complementary to oxymercuration/reduction. 
5. The mechanism of hydroboration involves a four-center, cyclic transition state. 
a. This transition state explains syn addition. 
b. Attachment of boron to the less sterically crowded carbon atom of the alkene also 
explains non-Markovnikov regiochemistry. 
III. Reduction and oxidation of alkenes (Sections 8.6—8.8). 
A. Reduction of alkenes (Section 8.6). 


Bo 
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Chapter 8 


1. 


EA 


3i 


In organic chemistry, reduction increases electron density on carbon either by 

forming С-Н bonds or by breaking C—O, C-N, or C-X bonds. 

Catalytic hydrogenation reduces alkenes to saturated hydrocarbons. 

a. The catalysts most frequently used are Pt and Pd. 

b. Catalytic hydrogenation is a heterogeneous process that takes place on the surface 
of the catalyst. 

c. Hydrogenation occurs with syn stereochemistry. 

d. The reaction is sensitive to the steric environment around the double bond. 

Alkenes are much more reactive than other functional groups. 


B. Oxidation of alkenes (Sections 8.7-8.8). 


1. 


2, 


In organic chemistry, oxidation decreases electron density on carbon either by 

forming C-O, C-N, or C-X bonds or by breaking С-Н bonds. 

Epoxidation (Section 8.7). 

a. Epoxides can be prepared by reaction of an alkene with a peroxyacid RCOsH. 
i. The reaction occurs in one step with syn stereochemistry. 

b. Epoxides are also formed when halohydrins are treated with base. 

€. Acid-catalyzed reaction of an epoxide ring with water yields a 1,2-dtol (glycol). 
i. Ringopening takes place by back-side attack of a nucleophile on the 

protonated epoxide ring. 

и. A frans-1,2-diol is formed from an epoxycycloalkane. 

Hydroxylation. 

a. OsOa causes the addition of two —OH groups to an alkene to form a diol. 
i. Hydroxylation occurs through a cyclic osmate intermediate. 

b. A safer reaction uses a catalytic amount of OsOg and the oxidant ММО. 

c. Thereaction occurs with syn stereochemistry. 

Cleavage to carbonyl compounds (Section 8.8). 


a. Os (ozone)causes cleavage of an alkene to produce aldehyde and/or ketone 
fragments. 
i. The reaction proceeds through a cyclic molozonide, which rearranges to an 
ozonide that is reduced by Zn. 
b. KMnOs in neutral or acidic solution cleaves alkenes to yield ketones, carboxylic 
acids or CO». 
c. Diols can be cleaved with HIO«(periodic acid)to produce carbonyl compounds. 


IV. Addition of carbenes (Section 8.9). 

A carbene (R2C:) adds to an alkene to give а cyclopropane. 
The reaction occurs in a single step, without intermediates. 
Treatment of НССВ with KOH forms dichlorocarbene. 


А. 
В. 
e 


l. 


Addition of dichlorocarbene to a double bond is stereospecific, and only 
cisdichlorocyclopropanes are formed. 


The Simmons-Smith reaction (CH2J2, Zn-Cu) produces a nonhalogenated cyclopropane 
via a carbenoid reagent. 
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Radical additions to alkenes: chain-growth polymers (Section 8.10). 


A. Many types of polymers can be formed by radical polymerization of alkene 
monomers. 


1. 


2 N 


There are 3 steps т a chain-growth polymerization reaction. 
a. Initiation involves cleavage of a weak bond to form a radical 
i. The radical adds to an alkene to generate an alkyl radical. 
b. The alkyl radical adds to another alkene molecule (propagation) to yield a sccond 
radical. 
i. This step is repeated many, many times. 
c. Termination occurs when two radical fragments combine. 
Mechanisms of radical reactions are shown by using fishhook arrows. 
As in electrophilic addition reactions, the more stable radical (more substituted) is 
formed in preference to the less stable radical. 


B. Biological additions of radicals to alkenes (Section 8.11). 


E 


Biochemical radical reactions are more controlled than laboratory radical reactions. 


VI. Stereochemistry of reactions (Sections 8.12-8.13). 
A. Addition of H20 to an achiral alkene (Section 8.12). 


1. 
2. 


4. 


When H20 adds to an achiral alkene, a racemic mixture of products is formed. 

The achiral cationic intermediate can react from either side to produce a racemic 
mixture. 

Alternatively, the transition states for top side reaction and bottom side reaction are 
enantiomers and have the same energy. 

Enzyme-catalyzed reactions give a single enantiomer, even when the substrate is 
achiral. 


B. Addition of H20 to a chiral alkene (Section 8.13). 


1. 
2; 
3 


When Н' adds to a chiral alkene, the intermediate carbocation is chiral. 

The original chirality center is unaffected by the reaction. 

Reaction of H20 with the carbocation doesn't occur with equal probability from 
either side, and the resulting product is an optically active mixture of diastercomeric 
alcohols. 

Reaction of a chiral reactant with an achiral reactant leads to unequal amounts of 
diastereomeric products. 
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Solutions to Problems 


8.1 
793 CH3 CH3 
CHaCH CCH ie Os CH3CH Ссн CH4CH С 
= + —CH 
3512 | 3 CH4CH;,OH 3 3 ge 12 2 
Br 
Dehydrobromination may occur in either of two directions to yield a mixture of products. 
8.2 | 
Снз©н; — CH2CHs CHgCH2 CHa 
с=с + C=C + 
/ \ / \ 
: H СНз H CH5CHs 
| (Z)-3-Methyl-3-hexene — (2-3-Methsl-3-hexene | 
! н, | CHsCH;CH? — CHs CHaCHəCH> Н 
CH3CH2CH2CCH,CHy 2—5. с=с + c=c + 
| HO | / \ / \ 
| (Z)-3-Methyl-2-hexene  (E)-3-Methyl-2-hexene 
CH3CH2CH2 Н | 
ETS | 
| CH3CH> H | 
| 2-Ethyi- I-pentene | 
Five alkene products, including Е, Z isomers, might be obtained by dehydration of 3- 
methyl-3-hexanol. 
8.3 


methyl-3-hexanol. 


Hat Cl 


\ 


Ci : | 
ЖА ——> «© cH 
H | 
| od | / 
на ‚ Нас / СН: | НзС à 


Dj trans- | 2-Dichloro- 1 2- 
dimethyleyclohexane 


1 2-Dimethylieyclohexene 


The chlorines are trans to one another in the product, as are the methyl groups. 
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8.6 


8.7 
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Ho. Il HAS вш G 
F < 
HaC CH; НС i CH3 
| 
| 2-Dimethyleyclohexene \ {С} 
B H4C CHa 


Addition of hydrogen halides involves formation of an open carbocation, not a cyclic 
halonium ion intermediate. The carbocation, which is sp*-hybridized and planar, can be 
attacked by chloride from either top or bottom, yielding products in which the two methyl 
groups can be either cis or trans to each other. 


—————— 


HO H 


-Br and -ОН are trans in the product. 


Reaction of the alkene with Br» (formed from NBS) produces a cyclic bromonium ion. 
When this bromonium ion is opened by water, a partial positive charge develops at the 
carbon whose bond to bromine is being cleaved. 


* a + any 


С“ Ве: Br: 
TE Ha M 
HC EN "m Hao UN, 5+ 
1 CH; Td Сн» 
= НО: 


less favorable 


Since a secondary carbon can stabilize this charge better than a primary carbon, opening of 
the bromonium ion occurs at the secondary carbon to yield the Markovnikov product. 


Keep in mind that oxymercuration is equivalent to Markovnikov addition of H20 to an 
alkene. | 


(а) OH 


=. 1. Hg(OAc)o, НО | 
CH3CHyCH,CH=CH, 9202 2 CH4CHSCHSCHCHs 
2. NaBH, 
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8.8 


8.9 


8.10 


Chapter 8 


(b) CHa ён» 
СНАСНЬСН on Т ОЮА Б. O a сен 
"^ Е M ———À——À e —— li 
OH 


Think backwards to select the possible alkene starting materials for the alcohols pictured. 


(a) CHsC -: CHCHCH CH; n 
1. Hg(OAc)s. HO 
СНз oy Jd оза CH4CCH4CH5CH5CHs 
HC — CCH2CH2CH;CHs СНз 
CH3 
(b) OH 
Tet dn Ho(OAc)s, НрО CHa 

—ШФШ——— 
2. NaBH4 


Oxymercuration occurs with Markovnikov orientation. 


Hydroboration/oxidation occurs with non-Markovnikov regiochemistry to give products in 
which —OH is bonded to the less highly substituted carbon. 
a CH H3 
(a) p^ 1. BH. THF T 
2. H505. OH I, c 


H OH 
less substituted 


(b) Jess noue OH 
7" “СНз 1. BH3. THF CH3 
и. 
2. H2O». "OH 


As described in Worked Example 8.2, the strategy in this sort of problem begins with a 
look backward. In more complicated syntheses this approach is essential, but even in 
problems in which the functional group(s) in the starting material and the reagents are 
known, this approach is effective. 


All the products in this problem result from hydroboration/oxidation of a double bond. The 
—OH group is bonded to the less substituted carbon of the double bond in the starting 
material. 
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(a) CH3 CHa 
CH S CH Е CH ee CH3OH 
pum — 
3 2 2 Но» OH з 2CH2 
(b) CHs CH3 
| 1. ВН. THF | 
CH4C = CHCH5 —M ee CHa3CHCHCH4 
2. H505. OH | 
Он 


Tbis product can also result from oxymercuration of the starting material in (a). 


(с) 1. ВНЗ. THE — 
СН? > но. OH СН2ОН 


8.11 The drawings below show the transition states resulting from addition of BH; to the double 
bond of the cycloalkene. Addition can occur on either side of the double bond. 


| НАС 
preme m 


HE 
4 
Нос H БИз. 
У сн. THF HE 8- 
3 "S eH 
H н—В. 


Reaction of the two neutra] alkylborane adducts with hydrogen peroxide gives two alcohol 
isomers. In one isomer, the two methyl groups have а cis relationship, and in the other 
isomer they have a trans relationship. 


H H 
H BRo н Он 
ч H505 H 
н СН H н Chg 
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8.12 Catalytic hydrogenation produces alkanes from alkenes. 


(a) үз " qns 
2 
CH3C—CHCH;CH4, | ———— 5 — » CH3CHCH 
ЗО СНСНӘСНз Bal in ethanol и 
2-Methyl-2-pentene 2-Methylpentane 
CH CH 
(b) 3 н, 3 
CH, Pd/C in ethanol CH; 
3.3-Dimethylkeyclopentene ] 1-Dimethyleyclopentane 
(c) (Ha CH4 
C— CH3 C—CHg 
N H \ 
CH; — ee Ааа CH3 
Pd/C in ethano! 
3-teri-Butvlcyclohexene tert-Butyleyclohexane 


8.13 Epoxidation using m-chloroperoxybenzoic acid (RCO3H) is a syn addition of oxygen to a 
double bond. The original bond stereochemistry is retained. 


H.. Н RCO3H rs 
Hac" = CH HU MH 
: НЗС CH; 
cis-2-Butene cis-2.3-Epox ybutane 


In the epoxide product, as in the alkene starting material, the methyl groups are cis. 


8.14 Reaction of an alkene with a catalytic amount of OsOa, in the presence of N-morpholine 
Noxide (NMO), yields a diol product. To pick a starting material for these products, choose 
an alkene that has a double bond between the diol carbons. The products in (b) and (c) can 
also be formed by ring opening of an epoxide formed either from a peroxyacid or from a 


halohydrin. 
(a) | CH3 | СНз 
СНз о О „Он 
catalytic M 7 NMO 
= Os —- 
OsO, 7 NY 
4 о О x OH 
1-Methykcyclohexene " д 
n oso E d 
CHa3CH2CH = С(СНз)г GG CHgCH2CH —CCHs 
2-Methyl-2-pentene CHa 
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8.16 


8.17 
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(c) HO OH 
0304 Ж. 
CH; —CHCH — CH; Ети HOCH CHCHCH,OH 
] .3-Butadiene 


Both sets of reactants cleave double bonds. Aqueous KMnO4 produces a carboxylic acid 
from a double bond carbon that is monosubstituted and a ketone from a double bond carbon 
that is disubstituted. Ozone produces ап aldehyde from a double bond carbon that is 
monosubstituted and a ketone from a double bond carbon that is disubstituted. If the double 
bond is part of a ring, both carbonyl groups occur in the same product molecule. 


(a) CH3 or 
— 
но“ О 
C —OH 


О 
(b) СНз СНз 
1. O3 С 
2. Zn. CH3CO;H о 
C—H 


Orient the fragments so that the oxygens point toward each other. Remove the oxygens, 
and draw a double bond between the remaining carbons. 


(a) 1. Оз 


{СНз)2С = CH» зно" (CHgoC—O + O=CHo 


b t.0 

(0) снусносн=сненоснь — 9 Lu CHaCHCH=0 + O=CHCH2CH3 
2. Zn, НО 

Reaction of a double bond with chloroform under basic conditions gives a product with a 


cyclopropane ring in which one of the carbons has two chlorine atoms bonded to it. 
Reaction of a double bond with СНР yields a product with a cyclopropane ring that has a 
-CH»- group. 


(a) єс 
CH, + CHCl Ae 
CH3 


CH CH 
(9) es Zn(Cu) T "a УХ 
CH4CHCH5CH —CHCH4 + CHol ————= CH4CHCH2CH — CHCHs 


Depending on the stereochemistry of the double bond of the alkene in (b), two different 
isomers can be formed. 
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8.18 Find the smallest repeating unit in each polymer and add а double bond. This is the 


monomer unit. 
Monomer Polymer 
(a) í QcHs QCHs Осн 
: р 
HaC =CHOCH3 — CH2 —CH -CHo —CH — CH, —CH —7 
(b) " " С 7 © e © 
CIHC =CHC! mM PM 


8.19 One radical abstracts a hydrogen atom from a second radical, and the remaining two 
electrons create a double bond. 


Фен» сн --сн;—сн; 


8.20 Look back to Figure 8.12, which shows the reaction of (R)-4-methyl-1-hexene with НзО*. 
In a similar way, we can write a reaction mechanism for the reaction of H30* with (5)- 4- 


methyl-1-hexene. 


CH3 
Lv ITE. 
AD ee | “н 
iN 4 
`=. =- H—OH 
| La 2 
i Nes 
| CH3 (7) —— 
| IV me 
| D Он; 
| E t -— 
top bottom 
H CHs H OH H CH3 ң CH3 
4 ` 5 'S ` R 
CH3 OH 
(25.45)-4-Methyl-2-hexanol CR AS)-A-Methy1-2-hexanol 


The products shown above are diastereomers and are formed in unequal amounts. The 
(25,45) stereoisomer is the enantiomer of the (2R,AR) isomer (shown in Figure 8.12), and 
the transition states leading to the formation of these two isomers are enantiomeric and of 
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equal energy. Thus, the (25,45) and (ZR, 4R) enantiomers are formed in equal amounts. А 
similar argument can be used to show that the (28,45 )and (25,4R) isomers are formed in 
equal amounts. The product mixture is optically inactive. 


8.21 


ES H 4 IRAS 


d H H 
Н.С B ВЕЕРА ЧЕ Е: 
3 nons H 15.35 
bottom 
HO H 


| H 
M wr ee > IS3R 


H Е RP H H 
+N OH» 
А XH CHa 
— call Н T 
= H IRAR 
bottom 
H OH 


Two enantiomeric carbocations are formed. Each carbocation can react with H20 from 
either the top or the bottom to yield a total of four stereoisomers. The same argument used 
in Problem 8.20 can be used to show that the (15,3R) and (1А,35) enantiomers are formed 
in equal amounts, and the (15,35) and (14,3R) isomers arc formed in equal amounts. The 
result is a non-50:50 mixture of two racemic pairs. 
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Visualizing Chemistry 
8.22 
(a) 
ve р 
ACOSH CH3C —CHCHCHCHaCHs 
V+ 2 
о 
CHa CH3 HaC OH CH; 
| l KMnO TS HN 
CHgC==CHCHyCHCH;CH, AOA p с=о + O=CCH/CHCH;Chg 
H30 
2,5-Dimethyl-2-heptene 3 HaC 
НС СНз 
ОЗ \с=о + O=CHCH Е H 
2. Zn. CH4COSH г choi cd d. 
HaC 
(b) 
RCO3H "aC 
HaC 
HO 
HaC. НС C=O 
X jJ KMnO4 s: 
H,0° 20 
H3C 3 нс с” 
3,3-Dimethylcyclopentene 1 OH 
Нас CIO 
1505 
2. Zn, CH4COSH 20 
3--2 HaC © ? 
H 
8.23 (a) 
СН CH3 OH 
CH4CHCCH;CH О. CH C Сон CH 
д — 
3 if 23 2. NaBH, 3] | 2-3 
CH, н CH, 
2-Ethyl-3-methyl- l -butene or 
CHa ©н OH 
CH НЕ CHCH 1. HotOncie HO cH | er CH 
= meo — 


CH, H CH, 
3 4-Dimethyl-2-pentene 
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Only oxymercuration/reduction can bc used to produce an alcohol that has -OH bonded to 
the more substituted carbon. A third alkene, 2,3-dimethyl-2-pentene, gives a mixture of 
tertiary alcohols when treated with either BH; or Н?(ОАс)2. 


a 1. BH4. THF 
OX 2. 05, "OH Fs d 
or 
CH; 1. Но(ОАс)2. H20 „ но CHa 
2. NaBH, 


4.4-Dimethyleyclopentene 


Both hydroboration/oxidation and oxymercuration yield the same alcohol product from the 
symmetrical alkene starting, material. 


8.24 
НС СН НС CH3 


H 1. ВНЗ. THF 
2. Н2О>. OH 


not formed 
H H 


Two possible alcohols might be formed by hydroboration/oxidation of the alkene shown. 
One product results from addition of BH: to the top face of the double bond (not formed), 
and the other product results from addition to the bottom face of the double bond (formed). 
Addition from the top face does not occur because a methyl group on the bridge of the 
bicyclic ring system blocks approach of the borane. 


8.25 
T Ha H 
ОЗН. OH trans 
2. њо" OH 
4-Methyleyclohexene 
ВСОЗН = meta-Chloroperoxybenzoic acid 


Since the hydroxyl groups in the diol product have a trans relationship, the product can 
only be formed by epoxide hydrolysis. (Treatment of the alkene with OsO4 yields a product 
in which the two -ОН groups have a cis relationship.) 
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Mechanism Problems 


8.26 (a) 


Br; * enantiomer 
—_ 


Mechanism: 


rn 7 ae — —— 
CONE Sie 


(b) 


* enantiomer 


Mechanism: 


(c) 


Mechanism: 
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8.27 (a) 
Он 
_ Sr o + enantiomer 
Њо, DMSO Br 
Mechanism: 


(b) 


= сь 
н.о. DMSO 


Mechanism: 
8“: 

CM I 

(c) 
на 
“= L8 Q af {ш | 
Н2О, DMSO у 4 + enantiomer 

Mechanism: 


т ‚он 


+%. 
: .. "oO >» Н 
( i. d —s HOF М” i HO Ser PL — HO... 


mn _ BH; „ mum * enantiomer 


H?B H 


Mechanism: 


D. — «d 
H2 " ЊВ H 
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(b) 
BH 
So, =e нв v “У 


Mechanism: 
мч Ум. 
ы, H2B 
HB% 
H 


(с) 


Mechanism: H 
P 
[ТӨН BH 
BEN 2 
— oat і 
8.29 (а) 
+ СЕзСОзН ———- О +епапіотег 
Mechanism: 
==—— ERG 
УХО 
xX 
О: 
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Mechanism: 


+ enantiomer 


—<^ 
Mechanism: т 
С\/, н CH; 
~H o: "s 
i v № — e ————M- oe OH 
ры | e n 
нс сну H ен, 
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(c) 
H 
` „о ig ds: HO H 
b. E 3 
„©. e d d + enantiomer 
n H OH 
Mechanism: 
H ~ 
A) o^ i ч. P^ ре H opm А но: н 
*:0--H^w H + OH NU „OH B 
Г 5 L = HOS O — Н Тү” mm he 
Hou ч нс “н МААЛ 2 , 
, еН A H H Ун 
Нус H H20 но О 
molecule reoriented 
with epoxide in ihe 
plane of the paper 
8.31 


8.32 (a) The product of this reaction is асййга! (no chiral centers). Therefore, it will not rotate 


plane polarized light. 
CH2 CH3 
H2, Pd/C 
—— 
H CH3 | Н сн 

(b) The product of this reaction is a meso compound. Therefore, it does not rotate plane 

polarized light. 

р ња Н OH 
AQ = l | 
: Å CH 
i нін 


mirror plane 
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(c) There are two products to this reaction. The first product is а single enantiomer that 
would rotate plane polarized light, and the second product ts achiral (no chiral 
centers). Therefore, the product mixture would rotate plane polarized light. 


с BN 1. Оз " pu 
M + 
8.33 
— i 5 RA CIA. 
ж НТА | снзо—н m Е: НА 
нс or | HaC, j А t 
COH =: + С СН == CHyE—CHg | == CH30C(CHa)s 
р. 2. 3. 
H3C | HaC СНз 


Step 1: — Protonation of the double bond. 
Step 2: Nucleophilic attack of methanol on the carbocation. 


Step 3: Loss of proton. 

The above mechanism is фе same as the mechanism shown in Section 8.4 with one 
exception: In this problem, methanol, rather than water, is the nucleophile, and an ether, 
rather than an alcohol, is the observed product. 


8.34 (а) 
NENEN: -— :[-—-N—NZN: 
(b) 
ЕС = й of valence | | # of bonding electrons | |^ inne 
(PC) = electrons 37 2 i electrons 
A B Formal Charge 
[—N=N=N: =_= :|—N-—NZEN: | Ni N2 NB 
1 2 3 1 2 3 A о 0 4+1 1d 
£A d Ao 
| —N—N-—N | —N—N-N B 0 1 +1 0 


Formal charge calculations show a partial negative charge on М1. 
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(c) Addition of IN; to the alkene yields a product m which —I is bonded to the primary 
carbon and —N3 is bonded to the secondary carbon. If addition occurs with 
Markovnikov orientation, I" must be the electrophile, and the reaction must proceed 
through an iodonium ion intermediate. Opening of the iodonium ion gives 
Markovnikov product for the reasons discussed in Problem 8.6. The bond polarity of 
iodine azide is: 

> 
1 Ng 


СА 


LN ~ + 
P ; 


РА Ы 


№ 
К | 
снзснусн=бн; = | CH3CHyCH —CH, ———= CH4CH;CHCHI 


8.35 
| 
| 
——> "5 
Bromo- 
Е peroxidase 
Br* 
1-Bisabolene 
я — — 
Br 
[O-Bramo-a-chamigrene Cyclic carbocatton 
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„Он 
Вг” 
LU | "ms 
3 | peroxidase 
Laurediol 


f „Он 


А Tw NS 
Br | 
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| 


bromonium Ion 


| 


"Base 


Prelaureatin curbocation 
8.37 _ 

| it ¢ Cl С! 

з Au i 
C—C C — —-3i COC: —— C: + CI 
| SO AA 1. | 2. 
б eee | Ci Cl 
+ COs 


In step 1, carbon dioxide is lost from the trichloroacetate anion. In step 2, elimination of 


207 


chloride anion produces dichlorocarbene. Step 2 is the same for both the above reaction and 
the base-induced elimination of НСІ from chloroform, and both reactions proceed through 


the trichloromethanide anion intermediate. 
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8.38 
te QA | К HgOAc 
^'*Hg—OAc | / \ HeOAc =, 
: | MES. JE yan 
; : a? M 
.. H Y 
HOCHs | ‘OAC 
HgOAc 
NaBH, 
Осн <—— OCH 
Cycloheayl methyl ether + HOAc 
8.39 
СОСН | 


Ty a u 2 
Сие oy 


Е ПЕТ АРЕ 


“OAc 


The reaction mechanism involves the following steps: 

Step 1: Addition of Hg(OAc) to onc of the double bonds to form a cyclic mercurinium 
ion. 

Step 2: Reaction of a second double bond with the mercurinium ion to form a six- 
membered ring and a different carbocation. 

Step 3: А second cyclization forms the other ring and yields another carbocation. 

Step 4: Removal of -H gives a double bond. 
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8.40 
/ _/ | P 
| к X. Br + 
HC 3 CH» HC Сн, HC — CHBr HC —CH;B 
ГА dn "m ГА Xa P xO N " b 
нс —- | нс MOH — HC +О0-Н n нс О 
| |. | | RUN | А} тон 3. | | 
НС — СН2ОН HC -— CH, НС —- CH? HaC — CH, 


Step 1: — Formation of a cyclic bromoniuin ion. 
Step 2: Nucleophilic attack of -OH on the bromonium ion. 
Step3: Loss of H`. 


The above mechanism is the same as that for halohydrin formation, shown in Section 8.3. 
In this case, the nucleophile is the hydroxyl group of 4-penten-1-ol. 


8.41 Hydroboration of 2-methyl-2-pentene at 160°C is reversible. The initial organoborane 
intermediate can eliminate ВН; in either of two ways, yielding either 2-methyl-2-pentene 
or 4-methyl-2-pentene, which in turn can undergo reversible hydroboration to yield either 
4-methy]-2-pentene or 4-methyl-1-pentene, The effect of these reversible reactions is to 
migrate the double bond along the carbon chain. A final hydroboration then yields the most 
stable (primary) organoborane, which is oxidized to form 4-methyl-1-pentanol. 


BH» 
E NUN = le HN 
у. == => 
-BH3 І Hs e "ut 


2-Methy]-2-pentene ВН. 3-Methyl-2-pentene 
S9 L| lu D ИТ а Yee 
4-Mothy]-1-pentene 4-Methyl-HF-pentano] 
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Additional Problems 
Reactions of Alkenes 
8.42 
(a) T 
C CH2CHs 
CY “он, НуРа CY 
b H Br. H 
(b) | ДЕ 
С. С 
“CH. в, 2 | `“снуёг 
NN 
H 
c HO H 
(с) | cy 
C C 
“он, озо, “сн,он 
ММО 
4 H HO H 
(d) | - 
С 
“ен, Clo “сно 
H0O 
(e) T 
Ca. 
CY “сн, СНЫ», Zn/Cu бү 
H 
(f) | Е 
Сс 
CY Сн; RCO4H en 


RCO3H = meta-Chloroperoxybenzoic acid 
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(а) 


(b) 


(c) 


(d) 


(e) 
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rac | 
CHgCHpCHyCHpC=CHp  —2-Methyl-I-hexenc | 
CH&CH?CHSCHsC(CHs); ^ 2-Methyl-2-hexene | CHa 
| Ho/Pd | 
СНзСН>СН=СНСН(СН}> 2-Methyl-3-hexene = _— CH4CH5CH35CH5CHCH5 
| 2. Methyl hexane 
CH3CH=CHCH2CH(CHa)9 —5-Methyl-2-hexene | a-Methylhexane 
H2C=CHCHəCHCH(CHa)> 5-Methyl-t-hexene | 
CH3 
| CH3 
3.3-Dimethyleyclohexene CH3 
Ho/Pd CH 
CH3 
. CH3 ‚ 
44-Dimethyleyclohexene 1 .{-Dimethylcyclohexane 
Br Br 
| Bro | | 
CH&CH-—CHCH,CH(CH4jg ——————>_ CH4CH — CHCH5CH(CH4J; 
5-Methyi-2-hexene 2 3-Dibromo-5-methylhexane 
P 
НСІ 
H2C=CHCHCH2CHCH2CH3 ————= CH3CHCHCHCH2CH2CH3 
СНз CH3 


3-Methyl- l-heptene 


1. Hg(OAc)». НО 
CHSCH;CH;CH-- CH, —— 22 e Jg: На 
. 4 


|-Pentene 


CH»l», Zn/Cu 
бн. AE 


2-Chioro-3-methylheptane 


on 


CH4CH5CH^CHCH; 


2-Pentanoi 
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REN 


А. ы re | 
2. Es HzO Q 
KMnO4 COH 
H3o* COH 
H 
i CH3 
1.BH3 THF _ 
2.H905 OH 
“эй 
он 


Remember that -H and -OH add syn across the double bond. 


p M 
1. Bg(QAc)g H20 — H20 
2. 2 NaBH, 


8.45 
H H 
HBr -H Br H 
» Касен 
i + H 
! H 
: . Вг 
| secondary carbocation 


less stable 


Br. 


——————n- 


p 


CH3 


tertiary carbocation 
1 тоге stable 


Remember from Section 7.10 that a reaction that forms a more stable carbocation 
intermediate is faster than a comparable reaction that forms a less stable carbocation 
intermediate. Thus, the reaction of 1-methylcyclohexene with HBr is faster than the 
reaction of cyclohexene with HBr. 


© 2016 Cengage Learning. All Rights Reserved May not he scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in рол. 


Alkenes: Reactions and Synthesis 213 


8.46 Recall the mechanism of hydroboration and note that the hydrogen added to the double 
bond comes from borane. The product of hydroboration with BDs has deuterium bonded to 
the more substituted carbon; -D and -ОН are cis to one another. 


1. BD4. THF eee 0 
— l 
2. НО». “OH У 
CH 


3 H СН: 
8.47 
Сны ҳе 
сс 2'2 сез 

H3C CH3  Zn-Cu Нос CHa 

cis-2-Butene cis-] 2-Dimethyleyclopropane 

CH; 
абзан. Chale HaG- so eH 
r < ” м 
H CH} Zn-Cu H CH, 
trans-2-Butene trans- 1:2 Dimethyleyclopropane 


The Simmons-Smith reaction occurs with syn stereochemistry. Only cis-],2- 
dimethylcyclopropane is produced from cis-2-butene, and only trans-1,2- 
dimethylcyclopropane is produced from trans-2-butene. 
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8.48 


HO Cholesterol HO 


CHolo 
Zn/Cu 


1. ВНЗ, THF 
2. НО. ОН 
На 


HO 


8.49 


Conjugation with the oxygen Reaction with HCl yields Addition of CI leads to 
lone pair electrons makes the а cation intermediate that the observed product. 
double bond more can be stabilized by the 

nucleophilic. oxygen electrons. 
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There arc two reasons why the other regioisomer is not formed: (1) Carbon 1 is less 
nucleophilic than carbon 2; (2) The cation intermediate that would result from protonation 
at carbon ] can't be stabilized by the oxygen electrons. 


Synthesis Using Alkenes 


8.50 


1. Hg(OAc)». H20 _ 
2. NaBH, 


H 
C7 OsO, CE. 
zs 2 
NMO 
тон 
Н 


Acid-catalyzed hydration and hydroboration/oxidation are both additional routes to this 


product. 
4 | 
Из CHCl. KOH _ XX 
«3 
H 
CH3 
HS0 HO _ | 
а о № 


СН 
(е) 
ү 1. Ох 


СНАСН = CHCHCH4 БИРИ ИСИ 


p. ү 
CHCH +  CH4CHCH 
(f) CH3 CHa 


| 1. ВНЗ, THF 
CHa —CH» CH4CHCH5OH 


—— 
2. НО». "OH 


8.51 Because ozonolysis gives only one product, we can assume that the alkene is symmetrical. 


C CH Нас 
Hg Е, © ыб 3^ T " ЯВ 
— м Сак Е 
/ \ 2. Zn. H0* б t K 
H3C CH, нас CHa 


2 3-Dimethyl-2-butene 
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8.52 Remember that alkenes can give ketones, carboxylic acids, and СО; on oxidative cleavage 
with KMnOa in acidic solution. 


(a) 


(b) 


(c) 


(d) 


8.53 (а) 


(b) 
(c) 
(d) 


8.54 (a) 


t2 


(b) 


KMnO4 
CH4CH3CH = CH; Tem CH3CH2COjH + СО» 
3 
nO, 
CH3CH2CH2CH= СНУ» ноя” CHaCH?CH3COoH +  (CH39C =O 
3 


\ 
KMnO x | 
3 


—ÀÀ O 
И 
1 CH5CHs буе ie CH4CH;,CCH;CHSCH5CH5COSH 
x и а H30 


Addition of HI occurs with Markovnikov regiochemistry — iodine adds to the more 
substituted carbon. 


Hydroxylation of double bonds produces cis, not trans, diols. 
Ozone reacts with both double bonds of 1,4-cyclohexadiene. 


Because hydroboration is a syn addition, the -H and the -OH added to the double 
bond must be cis to each other. 


This alcohol can't be synthesized selectively by hydroboration/oxidation. Consider 
the two possible starting materials. 


CHeaCHsCHsCH = CH зше нщ аа Да CH5CHaCH5CH5CH5OH 
= : 
чедер 2 2. Н2О2. "OH QM Tae aah 
t-Pentene yields only the primary alcohol. 
OH OH 


1. ВН. THF | | 
——9——— 


CH3CHpCH=CHCHg ->= p СНЗСНЫСНСНСН + СНУСНСН»СНСН: 
> 112072, 


2-Pentene yields a mixture of alcohols. 


OH 
1. BH, THF | 
У С 


CH4)4C — C(CH - CH4JoCHC(CHalà 
(СН)? (СНз}> 2. HpQ>. Он (CH3)9CHC(CH315 


2,3-Dimethyl-2-butenc yields the desired alcohol exclusively. 
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(c) This alcohol can't be formed cleanly by a hydroboration reaction. The -H and -OH 
added to a double bond must be cis to each other. 


(d) The product shown is not a hydroboration product; hydroboration yields an alcohol in 
which 'OH is bonded to the less substituted carbon. 


Polymers 
8.55 
нр е о pe фы 
DE г. ^ 
Həc=C— COCH ———* CCH = GCH CCH 
COpCHa COpCHa СОСНЫ 
8.56 
many е ge бен, — 0H —CH, — en — оно —cH 
N О 
CX CO o 
N-Vinylpyrrolidone Poly(viny! pyrrolidone) 
8.57 
/ а ан аа ан а^ 
нс=ссь + нс=снс ж Ky „б „Су би Хи, 
2С 2 2 — me Zo" on Mcr ^^! 
Vinylidene Vinyl 1 ZN OZN OZN EN ! 
chloride chloride H HH HH HH H 
Saran 


The dashed lines cross the bonds formed during the polymerization reaction. The structural 
fragments that lie between the dashed lincs are the monomer units. Saran is a copolymer of 
vinylidene chloride and vinyl chloride. 


General Problems 


8.58 (a) Compound A has three degrees of unsaturation. Because compound A contains only 
one double bond, the other two degrees of unsaturation must be rings. 


(b), (с) 


H 
1.03 НРА 
2. Zn, H40* 


Other compounds containing two fused rings and a shared double bond also yield 
symmetrical diketone products. 
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8.59 (1) 
(2) 
(3) 
(4) 


(5) 


(6) 


(7) 


Hydrocarbon А (CeHi2) has one double bond or ring. 

Because А reacts with one equivalent of H», it has one double bond and no ring. 

Compound A forms а diol (B) when reacted with OsOu. 

When alkenes are oxidized with KMnOs they give either carboxylic acids or ketones, 

depending on the substitution pattern of the double bond. 

(a) А ketone is produced from what was originally a disubstituted carbon in the 
double bond. 

(b) А carboxylic acid is produced from what was originally a monosubstituted 
carbon in the double bond. 

One fragment from KMnO; oxidation is a carboxylic acid, CHsCH2CO2H. 

(a) This fragment was СНзСН2СН= (a monosubstituted double bond) in compound 
А. 


(b) Itcontains three of the six carbons of compound A. 
(a) The other fragment contains three carbons. 
(b) It forms ketone C on oxidation. 
(c) The only three carbon ketone is acetone, О = C(CH3)z. 
(d) This fragment was =С(СНз)2 in compound A. 
If we join the fragment in 5(a) with the one in 6(d), we get: 

CH,CH, CH = С(СН,), CH, 

A 


The complete scheme: 


CH3 CH3 
1. 0504. pyridine | 


CH,CH,CH—OCHs -3 NaHS, HO CHgCHaCH — Сон. 
А В он он 
| Ho/Pd KMnO, 
+ 
CHa н.о 
CH4CH5CH5CHCH5 CH4CH2CO5H * O —C(CH3)» 


c 


8.60 The oxidative cleavage reaction of alkenes with Оз, followed by Zn in acid, produces 
aldehyde and ketone functional groups at sites where double bonds used to be. On 
ozonolysis, these two dienes yield only aldehydes because al! double bonds are 
monosubstituted. 
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о 
H 
Ld Cog o. 6 
—  —— Hue ~~ 
2. Zn. Н-О* ag хо TH 
3 EUN. | 
Тр: > | 


Because the other diene is symmetrical, only onc dialdehyde, OCHCH2CHO, is produced. 


8.61 Try to solve this problem phrase by phrase. 
(I) CioHisO has two double bonds and/or rings. 


Q)  CioHisO must be an alcohol because it undergoes reaction with H2SOa to yield an 
alkene. 


(3) When CioHisO is treated with dilute H2SOs, a mixture of alkenes of the formula 
CioHis is produced. 


(4) Since the major alkene product B yields only cyclopentanone, CsHsO, on ozonolysis, 
B and A contain two rings. А therefore has по double bonds. 


OH 
H HoSO, 
A ut B 
1. O5 
——————- 
С == 2 Zn. тесу 2 ӨЕ: 


о Q 
NL i i 
3 a Z menge 2 HCCH,CHsCH 


Cyclooctane | .5-Cyclooctadiene 


HaC, „Н H. „СНз 
7 CHCHS" 
r 
opo | 
H H 
A B 


Focus on the stereochemistry of the three-membered ring. Simmons-Smith reaction of 1,1- 
ditodoethane with the double bond occurs with syn stereochemistry and can produce two 
isomers, In one of these isomers (A), the methyl group is on the same side of the three- 
membered ring as the cyclohexane ring carbons. In B, the methyl group is on the side of the 
three-membered ring opposite to the cyclohexane ring carbons. 


8.63 
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$.64 
KMnO, 
CHa(CH35)42CH — CH(CH5);CHs CH CH4(CH3)412CO5H * CH3(CH2); COH 
3 


8.65 CsHs has five double bonds and/or rings. One of these double bonds reacts with H2/Pd. 
Stronger conditions cause the uptake of four equivalents of H2. CsHs thus contains four 
double bonds, three of which are in an aromatic ring, and one С = C double bond. А good 
guess for CsHs at this point is: 


CH=CH, 


Reaction of a double bond with KMnO; yields cleavage products of the highest possible 
degree of oxidation. In this case, the products are СО? + CcH5COoH. 


i 
Cx, CH=CH CHCH 
27 OH- jean 2 нура E 
E * COs H30 
B A 
H»/Rh 
CH;CHs 
с 


8.66 (a) Bromine dissolved in CH2Cb has a reddish-brown color. When an alkene such as 
cyclopentene is added to the brominc solution, the double bond reacts with bromine, 
and the color disappears. This test distinguishes cyclopentene from cyclopentane, 
which does not react with Br». Alternatively, cach compound can be treated with 
H2/Pd. The alkcne takes up H2, and the alkane is unreactive. 


(b) An aromatic compound such as benzene is unreactive to the Br;/CH»Clo reagent and 
can be distinguished from 2-hexene, which decolorizes Br;/CH»Cb. Also, an aromatic 
compound doesn't takc up H» under reaction conditions used for hydrogenation of 
alkenes. 


8.67 (a) a-Terpinene, CioHi«, has three degrees of unsaturation. 


(b) Hydrogenation removes only two degrees of saturation, producing a hydrocarbon 
CioHbo, that has onc ring. a-Terpinene thus has two double bonds and one ring. 
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(c) 
H „© С 
-—— — | + 
2. Zn Но d^ Ма А 
Q-Terpinene Glyoxal 6-Methy1-2.5- 


heptanedione 
8.68 The models of the cis and trans diols show that it is much easier to form a five-membered 
cyclic periodate from the cis diot A than from the trans diol B. The cis periodate 
intermediate is of lower energy than the trans periodate intermediate because of the lack of 
strain in the cis periodate ring. Because any factor that lowers the energy of a transition 
state or intermediate also lowers АС? and increases the rate of reaction, diol cleavage 
should proceed more slowly for trans diols than for cis diols. 


8.69 


trans-\-Bromo-3- — cis-1-Bromo-3- 
methylevelohexane methylcyclohexane 


CH3 CH3 
+ 
Br 


Leis-1-Bromo-2- — cis-]-Bromo-2- 
methykeyclohexane | methyleyclohexane 


In the reaction of 3-methylcyclohexene with HBr, two intermediate carbocations of 
approximately equal stability are formed. Both react with bromide ion from top and bottom 
faces to give four different products. 


Ns 2. »H —Br | еле ; Br 
m à Br эй” 


і. 


The most stable cation intermediate from protonation of 3-bromocyclohexcne is a cyclic 
bromonium ion, which is attacked by Вг from the opposite side to yield trans product. 
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8.70 


8.71 


Chapter 8 


CHa 
(i) 1 equiv Bry | 
CHgCHCH2CHa Br 
C=C 
/ \ 
Br H 
CH, (Ha 


| (b) 2 equiv Н» 


CH3CHCHsCHsC=CH що CH3CHCHCH2CH2CH3 


Pd/C 


р CH3 Br 
(c) | equiv HBr | | 
снзСнСн»СнУС —CH; 


Addition of one equivalent of HX or X» to a triple bond occurs with Markovnikov 
regiochemistry to yield a product in which the two added atoms usually have a 
transrelationship across the double bond. 


О О 
х и 
Qs. 
OsO E NMO ды A 
Нос an ce ——= CC. 
HaC CH3 4 IN -H H 
cis-2-Butene 
О О 
< и 
ol 
O О HO OH 
H CH OsQ \ ! ММО \ / 
“Cag Ns. Z— -C=C === „-С—б-. 
нс“ “н H74 & СН H' 4 м CHo 
HC H Нас H 


trats-2-Butene 


Formation of the cyclic osmate, which occurs with syn stereochemistry, retains the cistrans 
stereochemistry of the double bond because osmate formation is a single-step reaction. 
Oxidation of the osmate does not affect the stereochemistry of the carbon-oxygen bond, 
and the diol produced from cis-2-butenc is a stereoisomer of the diol produced from trans- 
2-butene. 
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8.65 A has four multiple bonds/rings. 


нае, „ CH9CH5CH НС. „СНСН2СНз НС. 20 
dil. H2504 1, О» EQ i 
ae 0—58 —— 
| 2. Zh. H30 
WR. ENS 
A B C 


2-Phenyl-3-pentanol ts alse an acceptable answer. 
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Review Unit 3: Organic Reactions, Alkenes 


Major Topics Covered (with vocabulary): 


Organic Reactions: 

addition reaction elimination reaction substitution reaction rearrangement reaction 
reaction mechanism hemolytic heterolytic homogenic heterogenic radical reaction 
polarreaction initiation propagation termination electronegativity polarizability 
curved arrow electrophile nucleophile carbocation 

Describing a Reaction: 

Ke АС” exergonic endergonic enthalpy entropy heat of reaction exothermic 
endothermic bond dissociation energy reaction energy diagram transition state activation 
energy reaction intermediate 


Introduction to alkenes: 

degree of unsaturation methylene group vinyl group allyl group cis-trans isomerism 

E,Z isomerism heat of hydrogenation hyperconjugation 

Electrophilic addition reactions: 

electrophilic addition reaction regiospecific Markovnikov's rule Hammond Postulate 
carbocation rearrangement hydride shift 

Other reactions of alkenes: 

dehydrohalogenation dehydration anti stereochemistry bromonium ion halohydrin 
hydration oxymercuration hydroboration syn stereochemistry carbine stereospecific 
Simmons-Smith reaction hydrogenation hydroxylation diol osmate molozonide ozonide 


Polymerization reactions: 
polymer monomer chain branching radical polymerization cationic polymerization 


Types of Problems: 

After studying these chapters vou should be able to: 

— Identify reactions as polar, radical, substitution, elimination, addition, or rearrangement 
reactions. 

— Understand the mechanism of radical reactions. 

– Identify reagents as clectrophiles or nucleophiles. 

Use curved arrows to draw reaction mechanisms. 

Understand the concepts of equilibrium and rate. 


– Calculate Keq and AG? of reactions, and use bond dissociation energies to calculate AH? of 
reactions, 


- Draw reaction energy diagrams and label them properly. 


- Calculate the degree of unsaturation of any compound, including those containing N, O, 
and halogen. 


= Мате acyclic and cyclic alkenes, and draw structures corresponding to names. 
– Assign £,Z priorities to groups. 

– Assign cis-trans апа £,Z designations to double bonds. 

- Predict the relative stability of alkene double bonds. 

– Formulate mechanisms of electrophilic addition reactions. 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted lo a publicly accessible website, in whole or in part. 


Review Unit 3 225 


Predict the products of reactions involving alkenes. 

Choose the correct alkene starting material to yield a given product. 

Deduce the structure of an alkene from its molecular formula and products of cleavage. 
Carry out syntheses involving alkenes. 


Points to Remember: 


* 


In virtually all cases, a compound is of lower energy than the free elements of which it is 
composed. Thus, energy is released when a compound 15 formed from its component 
elements, and energy 1s required when bonds are broken. Entropy decreases when a 
compound is formed from its component elements (because disorder decreases). For two 
compounds of similar structure, less energy is required to break all bonds of the higher 
energy compound than is required to break all bonds of the lower energy compound. 


Calculating the degree of unsaturation is an absolutely essential technique in the structure 
determination of all organic compounds. ЇЇ is the starting point for deciding which 
functional groups are or aren’t present in a given compound, and eliminates many 
possibilities. When a structure determination problem 15 given, always calculate the degree 
of unsaturation first. 


All cis-trans isomers can also be described by the £,Z designation, but not all E,Z isomers 
can be described by the cis—trans designation. 


Bond dissociation energies, described in Chapter 6, measurc the energy required to 
homolytically break a bond. They are not the same as dissociation enthalpies, which 
measure the ability of a compound to dissociate heterolytically. Bond dissociation energies 
can be used to calculate dissociation enthalpies in the gas phasc if other quantities are alsa 
known. 


Not all hydrogens bonded to carbons adjacent to a carbocation can take part in 
hyperconjugation at the same time. At any given instant, some of the hydrogens have C-H 
bonds that lie in the plane of the carbocation and are not suitably oriented for 
hyperconjugative overlap. 
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Self-Test: 


C + НОО a 


A 


What type of reaction is occurring in A? Would you expect that the reaction occurs by a 
polar or a radical mechanism? If Keg for the reaction at 298 К is 107°, what sign do you 
expect for AG”? Would you expect AS? to be negative or positive? What about AH°? 


HaC CH СНз 
ы (СНз)эС я 
‘OH сон PS 
о CH3 H CH(CH3)2 
B Abscisic acid (a plant hormone) С 


Give 2,7 configurations for the double bonds in B. Provide а name for С (include bond 
stereochemistry). Predict the products of reaction of C with (a) 1 equiv НВг (b) H2, Pd/C 
(c) ВН, THF, then H202, НО (d) Оз, then Zn, НзО*. 


Two isomeric compounds D and E have the formula CiHi«. On hydrogenation, each 
compound reacts with two molar equivalents of H2. Ozonolysis of each compound yields 
the following fragments: 


D E 
1. Oz о H 
1. O3 2. Zn. H30* 
2. Zn, H40* 
О О 
Нз 
О + Ннс=0 + А 
О H 
о 


How many rings/double bonds do D and E have? What are the structures of D and E? 


& 2016 Cengage Learning. АЛ Rights Reserved. May not be scanned, copied or duplicated, or posted to à publicly accessible website, in whole or in pan. 


Review Цой 3 227 


Multiple Choice: 
1. Which of the following molecules is not a nucleophile? 
(a) BH: (b) NH: (c) НО" (d) Н2С = CH2 
2. Which of thc following reactions probably has the greatest entropy increasc? 
(a) addition reaction (b) climination reaction (с) substitution reaction. (d) rearrangement 
3.  Ataspecific temperature 7, a reaction has negative AS? and Key > 1. What can you say 
about AG? and AH?? 
(a) AG? is negative and AH” is positive 
(b) AG? and АД? are both positive 
(c) AG? and AH? are both negative 
(d) AG? is negative but you can't predict the sign of АН". 
4. |n which of the following situations is AG? likely to be smallest? 
(a) a slow exergonic reaction 
(b) a fast exergonic reaction 
(c) a fast endergonic reaction 
(d) a slow endergonic reaction 
5. What is the degree of unsaturation of a compound whose molecular formula is СиНз№? 
(a)4 (b)5 (c) 6 (d)7 
6. Two equivalents of H2 are needed to hydrogenate a hydrocarbon. It is also known that the 
compound contains two rings and has 15 carbons. What is its molecular formula? 
(a) CisH22 (b) CisHz (c) CisHoa. (d) CisH»? 
7. What is the usual relationship between the heats of hydrogenation of a pair of cis/trans 
alkene isomers? 
(a) Both have positive heats of hydrogenation 
(b) Both have negative heats of hydrogenation, and AHtyaroz for the cis isomer has а 
greater negative value 
(c) Both have negative heats of hydrogenation, and AHhvdrog for the trans isomer has а 
greater negative value 
(d) Both have negative heats of hydrogenation, but the relationship between the two 
values of AHhnydrog can't be predicted. 
8.  Inatwo-step exergonic reaction, what is the relationship of the two transition states? 


(a) both resemble the intermediate 

(b) the first resembles the starting material, and thc second resembles the product 
(c) the first rcsembles the intermediate and thc second resembles the product 

(d) there is no predictable relationship between the two transition states 
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9. . For synthesis of an alcohol, acid-catalyzed hydration of an alkene is useful in all of the 
following instances except: 
(a) when an alkene has no acid-sensitive groups 
(b) when an alkene is symmetrical 
(c) when a large amount of the alcohol is needed 
(d) when two possible carbocationintermediates are of similar stability. 


10. А reaction that produces a diol from an alcohol is a: 
(a) hydration (b) hydrogenation (с) hydroboration (d) hydroxylation 
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Chapter 9 — Alkynes: An Introduction to Organic Synthesis 


Chapter Outline 


L Introduction to alkynes (Section 9.1—9.2). 
A. Naming alkynes (Section 9.1). 
1. The rules for naming alkynes are like the rules for alkenes (Sec. 7.3), with a few 
exceptions. 
a. The suffix -упе is used for an alkyne. 
b. Compounds with both double bonds and triple bonds are enynes. 
c. When there is a choice in numbering, double bonds receive lower numbers than 
triple bonds. 
d. Compounds can also contain alkynyl groups. 
B. Preparation of alkynes (Section 9.2). 
1. Alkynes can be prepared by elimination reactions of 1,2-dihalides, using a strong 
base. 
2. The dihalides are formed by addition of X» to alkenes. 
3. Vinylic halides give alkynes when treated with a strong base. 
П. Reactions of alkynes (Sections 9.3-9.6). 
A. General principles (Section 9.3). 
1. Alkyne triple bonds result from the overlap of two sp-hybridized carbon atoms. 
a. Опе с bond and two æ bonds are formed. 
2. The length (120 pm) and strength (965 kJ/mol} of a -C2C- bond make it the 
strongest carbon-carbon bond. 
3. Alkynes are somewhat less reactive than alkenes in electrophilic addition reactions 
B. Addition of X2 and HX. 
1. HX adds to alkynes by an electrophilic addition mechanism. 
a. Addition of two equivalents of HX occurs if the acid is in excess. 
b. Addition occurs with Markovnikov regiochemistry and with trans 
stcreochemistry. 
2. X2 also adds in the same manner, and trans stereochemistry is observed. 
3. The intermediate in addition reactions is a vinylic carbocation, which forms less 
readily than an alkyl carbocation. 
4. Mechanisms of some alkyne addition reactions are complex. 
C. Hydration reactions of alkynes (Section 9.4). 
1. Hg(ll)-catalyzed additions. 
a. The —OH group adds to the more substituted carbon to grve Markovnikov 
product. 
b. The intermediate спо! product tautomerizes to a ketone. 
с. The mechanism is similar to that of addition to alkenes, but no NaBHa is 
necessary for removal of Hg. 
d. A mixture of products is formed from an internal alkyne, but a terminal alkyne 
yields a methyl ketone. 
2. Hydroboration/oxidation of alkynes. 
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a. Hydroboration/oxidation of alkynes gives an intermediate enol product that 
tautomerizes to a carbonyl product. 
i. Hydroboration of a terminal alkyne gives an aldehyde. 
п. Hydroboration of an internal alkyne gives a ketone. 
b. Hydroboration/ oxidation is complementary to Hg(II)-catalyzed hydration. 
D. Reduction of alkynes (Section 9.5). 
1. Complete reduction to an alkane occurs when H2/Pd is used. 
2. Partial reduction to a cis alkene occurs with H2 and a Lindlar catalyst. 
3. Partial reduction with Li in NH3 produces a trans alkene. 
а. The reaction proceeds through an anion radical — vinylic radical — vinylic 
anion. 
b. The more stable trans vinylic anion is formed. 
E. Oxidative cleavage of alkynes (Section 9.6). 
1. Оз or KMnO; cleave alkyne bonds to produce carboxylic acids or CO» (terminal 
alkyne). 
2. Oxidative cleavage reactions were formerly used for structure determinations. 
Ill. Alkync acidity (Sections 9.7—9.8). 
А. Formation of acetylide anions (Section 9.7). 
1, Terminal alkynes are weakly acidic (pKa = 25). 
2. Very strong bases ( NH») can deprotonate a terminal alkyne, yielding an acctylide 
anion. 
3. Acetylide anions are stabilized by the large amount of “s character" of the orbital that 
holds the electron. 
B. Alkylation of acetylide anions (Section 9,8). 
1. Acetylide anions are strongly nucleophilic. 
2. Acetylide anions can react with haloalkanes to form substitution products. 
а. The nucleophilic acetylide anion attacks the electrophilic carbon of a haloalkane 
to produce a new alkyne. 
b. This reaction is called an alkylation reaction. 
с. Any terminal alkyne can form an alkylatton product. 
3. Acetylide alkylations are limited to primary alkyl bromides and iodides. 
a. Acetylide ions cause dehydrohalogenation reactions with secondary and tertiary 
halides. 
IV. Organic synthesis (Section 9.9). 
А, Reasons for the study of organic synthesis. 
1. In the pharmaceutical and chemical industries, synthesis produces new molecules, or 
better routes to important molecules. 
2. In academic laboratories, synthesis is done for creative reasons. 
3. In the classroom, synthesis is a tool for teaching the logic of organic chemistry. 
B. Strategies for organic synthesis. 
l. Work backward from the structure of thc product, but — 
2. Keep the structure of the starting material in mind. 
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Solutions to Problems 


9.1 The rules for naming alkynes are almost the same as the rules for naming alkenes. The 
suffix -yne is used, and compounds containing both double bonds and triple bonds are 
-enynes, with the double bond taking numerical precedence. 


(a) To рз (b) ric 
CH3CHC =CCHCH3 HC =CCCH, 
CH3 
2.5-Dimethyl-3-hexyne 3.3-Dimethyl-1-butyne 
(c) ү (4) ү (Hs 
CH,CH CC S: CCH;CH;CHs снон;сс = CCHCH; 
CH3 сн, 
3,3-Dimethyl-4-octyne 2,5. 5-l'rimethyl-3-heptyne 


2 4-Octadien-6-yne 
(not 4,6-Octadien-2- yne) 


6-[sopropylcyclodecyne 


9.2 
CH4CH5CH3CH5C = CH CH4CH5CH4C E CCHg CH3CH5C ZCCH4CHS 
|-Hexyne 2-Hexyne 3-Hexyne 
i он i 

CH4CHSCHC — CH CH4CHCH5C X: CH CH4CHC Z CCH4 
3-Methyi- 1 -pentyne 4-Мешу|- I-pentyne J-Methvl-2-pentyne 

р 

CHaÇC ECH 
CH, 


3.3-Dimethyl- E-butyne 
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9.3 Markovnikov addition is observed with alkynes as well as with alkenes. 


(a) 
CH4CHSCHSCCCH + 2C  ———-  CH4CHSCH2CCISCHCIS 


(b) 
[све + 1 HBr ——— C) - di 
"E ‘Br 
(с) 
СнасньснгСн, Вг CHgCH2CH CH Н 
CH4CH5CH5CH5C = ССНУ + 1 НВг — с=с, + po, 


H CH, Br CH 


Two products result from addition to an internal alkyne. 


9.4 
Zs HaO* | 
This symmetrical internal alkyne ytelds only one product. 
та 
CH3 CH3CH2CH2CH2CCH2CHCH3 
| н.о“ 
== 3 
CH4CH5CH5C = CCH aCHCH RIA CH 
Вто 2 3 HgSO, ? | 3 
CHgCH»CH»CCH2CH»CHCH, 
ъло ketone products result from hydration of 2-methyl-4-octyne. 
9.5 (a) 
: OH О 
u H40* : | f 
CH4CH3CH5C zz CH Tasos : CHaCHoCHoC =СНо | ——* CHaCH>CHaCCH3 
4 i i 
(b) 
О O 
H4O* || il 
CH4CH5C = CCH, 'HeSO; CH3CHoCCH5CH5 + | CH4CH5CH5CCH;4 
4 


The desired ketone can be prepared only as part of a product mixture. 
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9.6 Remember that hydroboration yields aldehydes from terminal alkynes and ketones from 
internal alkynes. 


А EN Q 
(а) РИ 1. BH, THF / \ s I 
== — he 
2. HO», OH VL : 


(b) 
= 1. ВНз. THF | 
(CH4CHCESCCH(CHgj; —— —————» — (CH4)J2C HCHSCCH(CHa) 
3 32 = АО) OH 3)2 2 3)2 
9.7 
(а) n 
Br E C zzCH Br C 
7 | H40* “снз 
7———————%њ 


(b) t. ВНз, THF Ox 27 
HC=C кызыш: Ua aan С 
2. Н2О2. OH | - 
H 
9.8 The correct reducing reagent gives a double bond with the desired geometry. 


í CH4CH5CH53CH5CH H 
(a) Е LINH аа и 
CH4CH23CH3CH5CH5C = ССН —Ó ETS 
2-Octyne H CH, 


trans-2-Octene 


CH4CH35CH5C Z: CCH5CH3 Linda с=с 
3-Неріупе H H 


cis-3-Heplene 


LINH 
(с) CHa 3 CHa 
CH3CH>CHC Æ CH ar CH4CH3CHCH — CH» 
NH 
3-Methyl-1-pentyne Lindlar 3-Methyl- 1 -pentene 
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9.9 А base that is strong enough to deprotonate acetone must be the conjugate base of an acid 
weaker than acetone. In this problem, only Ма’ C2CH is a base strong enough to 
deprotonate acetone. 


9.10 Remember that the alkyne must be a terminal alkyne and the halide must be primary. More 
than one combination of terminal alkyne and halide may be possible. 


Alkyne R'X (X=Br or I) Product 
(a) CH4CH5CH5C = CH CH3X 
or CH4CH3CH3C = CCH, 
HG —CCHsa CH4CH2CH5X 2-Нех упе 
(b) (C H4)9CHC =CH СНС H 2X (С H4) 2CHC = CCH CH 


2-Methyl-3-hexyne 


(с) om CH4X Cz: CCHg 


Products (b) and (c) can be synthesized by only one route because only primary halides can 
be used for acetylide alkylations. 


9,11 The cis double bond can be formed by hydrogenation of an alkyne, which can be 
synthesized by an alkylation reaction of a terminal alkyne. 


H H 
= 1. МаМНр, NH3 = Но N / 
снзс=сн — e CH;C=CCH, ———- С=С 
2. CHBr, THF Lindiar / \ 
catalyst НЗС СНз 


cis-2-Butene 


9,12 The starting material is CH3CH2CH2C=CCH2CHoCHs. Look at the functional groups in the 
target molecule and work backward to 4-octyne. 


(a) To reduce a triple bond to a double bond with cis stereochemistry use H2 with Lindlar 


catalyst. 
н Снұсньсн: — CH;CH;CHs 
WS 2 - 
CH4CH5CH5C Z CCHSCH4SCH — с=с 
dE. x QE. Lindlar ios 
catalyst H H 


cis-4-Octene 
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(b) An aldehyde is the product of double-bond cleavage of an alkene with Оз. The 
starting material can be either cis-4-octene or trams-4-octene. 


CH.2CHoCH CH5CH5CH О 
жыз э Г. 
с=с сн.сн,сн,С 
А 2. Zn. СНЗСОН \ 
H H H 
from (а) Butanal 


(c) Addition of HBr to cis-4-octene [part (a)] yields 4-bromooctane. 


CHgCH2CH2 —— CHaCHoCHs in ji 
, 
£ =Q —— CH3CHs;CH9CHCH5CH5CH3CH4 
H H 4-Bromooctane 
from (ad 


Alternatively, lithium/ammonia reduction of 4-octyne, followed by addition of HBr, 
gives 4-bromooctane. 


(d) Hydration or hydroboration/oxidation of cis-4-octene [part (a)] yields 
4-hydroxyoctane (4-octanol). 


1. НО(ОАс)ә, H20 


CH3CH2CH3 CH2CHaCH3 2. NaBH, rd 
= or 
с=с, : CH4CH3CH5CHCH;CH5CH5CHs 
H H 1. ВНз. THF > 4-Hvdroxyoctane 


| 2. Н2О2, ОН (4-Octanol) 
from (a) 


(e) Addition of Cl; to 4-octene [part (a)] yields 4,5-dichlorooctane. 


Cl CI Cl 
CH3CH2CHə ^ CH2CHaCHs 2 a 
б=с, CH3CH2CH3CHCHCH5CH;CH5 
H H 4 5-Dichlorooctane 
from (а) 


(f) KMnOs cleaves 4-octyne into two four-carbon fragments. 


KMnO, 
CH3CH CHC Z CCH9CH;CH4 2 CH4CH5CH5CO;H 


Butanoic acid 


H4O* 
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9.13 The following syntheses are explained in detail in order to illustrate retrosynthetic logic — 
the system of planning syntheses by working backwards. 


(a) 1. An immediate precursor to CH3CH2CH;CH;CH^2CH-;CH:CH;CH;CH; might be 
an alkene or alkyne. Try CgH) ССН. which can be reduced to decane by H»/Pd. 


кә 


. The alkyne СУН ууС=#СН сап be formed by alkylation of НСЕС: Na” by СН Вг. 
l -bromooctane. 


3. HCSC: Ма’ can be formed by treatment of HCsCH with МаМНо, NH;. 


HC=CH ми HC 2C: – Na* E ® CgHy7C 2 CH — —— Mecane 
3 


CgH,7Br = 1-Bromooctane 


(b) і. An immediate precursor to CHiCH:CH?CH?C(CH ): might be 
HC-CCH;CH,C(OCH i. which. when hydrogenated. yields 22-dimethylhexanc. 


2. HCCCHo;CH;C(CH ;: can be formed by alkylation of HCSC: Ма’ (from a.) 
with BrCH;CH;C(CH i). 


NaNH 
нс=сн E s НСС: - Nat 
3 


НСС: Nat 
BrCHoCHaC(CH3}4 ош НС ССНьСНЬС(СНз)з e CHa3CH5CH35CH5C(CH4)5 


22-Dimethylhexane 


(c) Il. CH3CH;CH2?CHoCHoCHO сап be made by treating СНАСН.СН.СНСЕСН with 
borane. followed бу НО». 


2. CHiCH;CHS;CH;CECH can be synthesized from CH;CH»CH+CH Br and 
HCsC: Ма’. 


NaNH» "E 
HC=CH —— HC-C:- Ма* 
NH3 
о 
= cH, CH CH cH oon PH THE. + сн сн,сн,снуснусн 
aU rU Hae nO = T 3v avt iov TT 
НС=С:- Ма  THF SHC: (ON Hexanal 
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(d) |. The desired ketone can be formed by mereuric-ion-vatalyzed hydration of 1- 
heptyne. 


13 


l-Heptyne can be synthesized Бу an alkylation of sodium acetylide by 1- 
bromopentane. 


NaNH 
HC=CH ——— 4 HCEC:- Nat 


МН; 
НСЕС: Na" + CH3CHaCH5CH3CH2Br "up" CHsCH2CH2CH2CH2C = CH 
О 
КИ H5SO4. H20 Д 
снзснгснгСнгснос сн —f rsg, 7 CH3CH;CH;CH2CH;CCH; 
3 2-Heptanone 
Visualizing Chemistry 
9.14 (а) 
СН 
б Ho | 
| H4C —CHCH,CCH4CH4 
CH, Lindlar | 
_ | catalyst CHa 
HC =CCH»CCH>CH3 
| | о бнз 
CH3 (i) ЊО“ | | 
44-Dumethyl-|-hexyne HgSO, о eaa 
CH3 
(b) 
$e Ф 
. CH4CHCH CHsCHCH 
0) H ЗСНСНа ‚СН 3 
Lindt а 
CH CH indlar 
| Ў 3 catalyst H H 
CHaCHCH;C E CCH9CHCH4 
| CH; Ov ОНЫ 
2 7-Dimethyl-4-octyne (i) H3O* | и | 
CH4CHCH5CH5CCHSCHCH; 
HgSO, 
9.15 (a) 
CH CH О 
[3 1. ВНЗ, THF di | 
CH3CHCH>CH>CH 


— Ja- 
CH4CHCH5C — CH 2. НО» OH 
3-Methyl-I-pentyne 
An aldehyde is formed by reacting a terminal alkyne with borane, followed by 
oxidation. 
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(b) 
CH3 cH, f 
и 2 HCI и 
ether a 


9.16 First, draw the structure of each target compound. Then, analyze the structures for a 
synthetic route. 


а ОН СН b 
ә — OH е W О 
CH3CHCH»sCH — CH» Нос = CHCH2CH5CCHa 
(a) The left side and the right side might have double bonds as immediate precursors; the 


right side may result from a Simmons-Smith carbenoid addition to an alkene, and the 
left side may result from hydration of an alkenc. Let's start with 3-bromo-1-propene. 


CH CH 
СН И“ нс=с:-м* 20 Le 
BrCHAaCH — CH BrCHaCH — СН —————————— HC — CCH3CH — CH 
Hə 
Lindlar 
OH CH CH 
/ 2 catalyst z V? 


1. Hg(OAc)», Н2О 
n -———— —! 


CHgCHCH2CH —CHo = вн 
4 


Ho — CHCH5CH — CH. 


(b) The right side can result from Hg-catalyzed addition of H20 to a terminal alkyne. 


НСС: -Na* E = 
HoC = CHCH»CH2Br ——-——-——> НОС = CHCHeCH2C = CH 
H340* 
|| 


НС —CHCH^CH53CCH; 


9.17 It's not possible to form a small ring containing a triple bond because the angle strain that 
would result from bending the bonds of an sp-hybridized carbon to form a small ring is too 
great. 
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Mechanism Problems 


9.18 (a) 
Br Вг 
CH3 
Hyc—c=c—cH, 289. нс 
Br Br 
Mechanism: +. ne 


Qe :Вг 


ва = — HE (0 2 CH; 
C2 H3C CHs 
Hc — C= —CH3 ..- ‘ee 


‘Brt CH3 :Вг: ‘Bre :Вих 
(b) 


6 \ c=c—cH, —202 VR 


Mechanism: 


= 2Вг2 H 
CHa3CH;CH2C =CH ———— CHaCH2CHy 


Mechanism: +. 


t Ad te ©. 2 Crt 
с Br am CH;CH;CHA BI" : Br: Tn 
CO Br == CH4CH2CH; (С в: H 
2 omoi ] H y s : As CH3CH3CHz 


CHyCH:CH,—C=C~-H eee э. Н mM 
*Br: :Bé H 187: METH 


9,19 Assuming that strong acids add to akynes in the same manner that they add to alkenes, 
propose a mechanism for each reaction below. 


„гюн 2 HCl Cl. д 
PT d ——— = A. E 
Mechanism: e m с aes ee 
H--CE = {б ы, LIC с ЕП 
ш eee Or ен, e pe Gr | ^ qe V 
aoe чм BOGE “ен, OSH, a “сн; 


© 2016 Cengage Leamung. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in put. 


244 Chapter 9 


(b) 


H30—C=C—CHy 


2 HBr ae 
——— 


Mechanism: ..- С^. pu а 
ХМ. BETA он ES HCCBE de 
H Br — а ГА "Bn H C сњ 
H3C— C=C, c Ти — uc © 22 
H4C— C72C— CH CH; | А К 
HaC СНз н 
mixture ог E and 2 
(c) 
а cl 
= 2 HCI 
Mechanism: » g 
не: 
— 


> Cl 
Gr INN aM 
Um 7 rm à 


9.20 The mercury catalyzed hydration of alkynes involves the formation of an organomercury 
enol intermediate. Provide the electron pushing mechanism to show how each intermediate 


below is formed. 


(a) 


НО, Н;804 К 
с=сн ———— но’ 8047 
HgSOq E 
с=с, 


/ 
HO H = 
Mechanism: X / 
Но"? 50.2 Hg* 50,22 Hg? 50, 
Č n / 4 / 9 4 
CCH ——- C=C — =ç 
N af N 
H HO: H 
“OH № 
"UN HO; CH 
(b) 
* 2 
н.о, H;SO, нб, Hg* SO, 
H,c—C=ctHhH | —————- с=с 
H980, / \ 
HO H 
Mechanism: 
ce 5042 Hg* $042 њо fe $04? 
+ 
H3;C—C=5CH — H;C—C—C ——— yok 
+, 
H BN H 
Он» ИН 
H30: 


на“ $042 
с=с 
\ 
но: H 
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(c) 


* 80,2 
НО, HSO; ( узо; 
с=сн  ———  —— 


HgSO, / 


Mechanism: 
lake 5042 p= 50,2 zi P $042 = Не 5042 
+ 
CCH — -C=C — C=C — с=с 
м +f м / м 
H HO: H HO: H 
Он; нб: CH 


9.21 The final step in the hydration of an alkyne under acidic condittons is the tautomerism of 
an enol intermediate to the corresponding ketone. The mechaism involves a protonation 
followed by a deprotonation. Show the mechanish each tautomerism below. 


(a) 


CH CH 
: | 4 H3O* : 
OH O 


H 
CH2 Oz, CHs СНз 
хх \ —— N ee е 
H И) n OH: о: 
20H «+ M 
(b) 
H3C СН» Ha0* H3C СНз 
Y bs 
OH О 
Mechanism: ü 
H3C CH3 H«C CH 
H3C CH> Cu 1 : 
Cc o^ s 
H : ч O LI * 
‘QH ШЫ шта. eo 


€» 2016 Cengage Learning. All Rights Reserved, May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


242 Chapter 9 


(c) 


CH; H3O* CH; 
OH O 
Mechanism: 
H 
Лү я > e ==. | с —- i 
SUN i ОУ SH, ©. 


9.22 Predict the product(s) and show the complete electron pushing mechanism for each 
dissolving metal reduction below. 


(a) 


H3C H 
\ 
C=C 
Li H CHCH. 
HgGC==CCH,CH, —— 28 
NH; 
Mechanism; = 
А - нс H 
i* / i IN Hg. H 3! 
Li Li FEK Li» H NH2 H 3 N / \ È / 
ата тт? = \ — #ac—t=c — CX C=C —- с=с 
H3CC—CCH3CH3 H,;C—C=C H 3 А а S / 
CH;CH; CHCH; i CHjCH; нш H CHCH; 
D H 
=: Li x РА 
СЕЕСН ND; E 
E D 
Mechani: D + 
lechanigm: А - Li г ü 
+ 
Li- МО... H 02м: E foe р H N / 
Das / ЗАА C—C—H x ГА D с=с 
с=сн — yp ċ=ĉ—H — == ncn p — $ 
ичет = р :ND; 
N 
D 
(с) 
н CH; 
fis 
C=C 
C 3- г \ 
C=C—CH, ———* н 
з 
H + 
Mechanism: жүй xj Li H CH 
Aus Li Нм; к АЕ н сну Хы. 3 
a H *C=¢—CH, C-——C— CH; ed с=с 
Меат == = 3 ==“ ACQUE —* H INH, 
\ 
H 
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9.23 identify the mechanisms for the reactions below as being either polar, radical or both. 


(а) Both. The addition of single electrons is a radical process, while adding protons is 


polar. 
CH3CH; H 
CH3CH2C—CCH5CH4 LIE e s 
NH3 
H CH2CH3 
(b) Halogenation is polar reaction. 
СНзСН2 Вг 
CH3CH;C zz CCH;CH;a O Bn a === 
Вг CH2CH3 
(c) Hydrohalogenation is a polar reaction. 
Br Вг 


CH3;CH,C=ccH,cH, —©НВ' > ар oe 


9.24 Predict the product and provide the complete electron pushing mechanism for the two-step 
synthetic processes below. 


(a) 
1. NaNH5 
C=CH о  — ates! 
ez 2. СНз! ВЕЕ СНз 
Mechanism: 
Фан "A i o E ai 
"NH, CH;—t 
(b) 
о 
з ке CH а | 
— М — r= 
2.3 2. CHSCHaI CH4CH5— CZECCOCH;CH, 
Mechanism: 
| 
| = 
ү nE emmetoonon, —— К СЕЕССОСН.СН: — i 
HoN- оа CH4CH;— C=CCOCH,CH; 
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(c) 
CH;CH,C==CH МН „о CH,CH;—C——C— CH;Ph 
pee 2. PRCH;Br qup ИНИ 
Mechanism: 
NH; PhCH;—-Br 
9.25 
D D 
des 2 D | » 
i 2 О 
‚мч О D |] AAN .. 20 
ior P P р^"; d | DUE cm 
j e Nass s d x * | 
С “у ub 
нс” “Сна нс “сн; нс “сн 
= enol 
| | 
ut b. | г IU 
О. {inf МО Ot 
D^'^p jm | on Spo 8 o 00 
( | == „ 1 | p. d 
s C i oN pm ` p 
ise СОН» нос“ “сна | HaC^ тен; 
enol 


Repeating this process five more times replaces all hydrogen atoms with deuterium 
atoms. The first line represents the mechanism for acid-catalyzed tautomerization of a 
ketone 

Additional Problems 


Naming Alkynes 


x (a) бнз (b) СнзС==ССН›С E CCH5CH4 
CH4CH9C E: CCCHS 
CH3 25-Octadryne 
2 2-Dimethyl-3-hexyne 
©) CHa сна (@ CHa 
CH4CH — CC = CCHCH, HC =CCCH,C=CH 

CH3 

3.6-Dimethyl-2-hepten-4-yne 3.3-Dimetityl-! S-hexadiyne 
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9.27 
(а) 


(с) 


(е) 


(g) 


9.28 (a) 
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MoC=CHCH=CHC=CH Ð CH2CH3 

| 3-Hexadien-5-yne CH4C HOME о о 

CHCH; CH3 
36-Diethyl-2-methyl-4-octyne 
CHa (b) {нз 
Снзснәснгс==2СсСнСнз снзс=сс =сснснәбнс ==СН 
CH, CH2CH, 
3.3-Dimethyl-4-octyne 3-Ethy1-3-methyl-1.6.8-decatriyne 
(Ha GH (d) үз 
снзсс =СсСнз нс =ССН 
CHa СНз HG НОН 
СН»СНЬСН»СН»> 
2.2.5 5-Tetramethyl-3-hexyne 3 4-Dimethyleyclodecyne 
СНСН=СНСН=СНСЕСН (f) CHG 
3 5-Heptadien-{-yne CH3CH2C = о Shei СИ 
CH3 
3-Chloro-4 A-dimethyl- {-полеп-6-упе 
CH,CHCH;CH; (b) C(CH3)g СНз 

CH4CH5CHSCH5CHC Æ CH CH4CH3CHSCHC =CCHCH, 

3-sec-Butyl- 1 -heptvne S-tert-Butyl-2-methyl-3-octyne 
СНзСН=СНС=ССЕССН=СНСН=СНСН=сСН.. 


1,3,5,11-Tridecatetraen-7,9-diyne 
Using E-Z notation: (3£,5£,11£)-1,3,5,11-Tridecatetraen-7,9-diyne 
The parent alkane of this hydrocarbon is tridecane. 
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(b СНзСЕСС=ССЕСС=ЕССЕССН=СН.. 1-Tridecen-3,5.7,9,1 1 -pentayne 
This hydrocarbon also belongs to the tridecane family. 
Reactions of Alkynes 


9.29 This rcaction mechanism is similar to the mechanism of halohydrin formation. 


eB —Br 7 + Br 
Y ме | ML ri 
ce a | с=с а 
* * pm 
: ` H а Le | rum 
Г: | РА 2: Ho, 
| ‘OTH :0—H 
| H / 
| 3. H 
Bry. „Н 


5 : 
С СЕ. 
^ CH3Br | OH 
—— 3 
4. + HzO" 


Step 1: Attack of z electrons on Br». 

Step 2: Opening of cyclic cation by H20, 

Step 3: Deprotonation. 

Step 4: Tautomerization (for mechanism, see Problem 9.48 and Section 9.4). 


9,30 
| СН 
2 
Ce eu 
2" eT 
m 
Ho H2 
Pd/C Lindlar 
T 
A CH2CH2CH2CHg 22 vox ,CH- СН» 
| | 
хх. uM H 
А В 
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9.31 
(а) Br 
= 1 equiv : i s 
CH4CH5CH5CH5C =CH “THe 7 CH35CHo9CH5CH5C =C Hə 
(b) | CH3CH>CH;CH> — Cl 
" 1 equiv NS. 
CH3CH3CH2CH5C =CH = с=с 
ё а H 
(c) = Ho = 
CHa4CH5CH5CH5C — CH ETC CH3C НС HaCHaCH — CH» 
1 
catalyst 
(d) u 1. амн, NH3 m 
CH5CH5CH5CH5C — CH Se ee ee CH4CH5CH5CH3C = CCH4 
2. CH38r 
(е) О 
CH3CH5CH5CH5C = CH t ——Ó CHa4CH5CH5CH5CCHa 
HgSO, 
(f c 
HaCH4C Е: 2 equiv | 
онаснәсньснәс= он “но = снзбн;он;снСОН» 
СІ 
9.32 
(а) H CHg CH CHaCH; ‚СНаснснаснз 
\ ^L 2 dm 
CHa(CH5)4C = CCHa) CH > с=с 
serais шй сс Lindlar / \ 
catalyst H H 
CH4CH5CH5CH. H 
(0) Е LinNH, 97 27 A y 
CH3{CH>)3C=C(CH»)3CH3 ————— с=с, 
H CHaCH3CH5CH4 
(c) CH3CH5CH5CH5 Br 
M 1 equiv NES 
CH4(CH2)4C = C(CH2)3CH3 в ^ C s 
е вг CHaCH3CH4CHs 
(d) " 


1. BH. THE 
—————— 


СНУСНЫЗСЕССНЫЗСНЗ > о 


GH3CH CH 2GHaCH»CCH2CH CH CH, 
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(е) Q 


- H20. H5S04 | 
CHg(CHalgC=CICHplgCHy — oso, = CH4CH5CHSCHSCH;CCH4CHSCHCH; 


(f) = excess Hp | 
CH3(CH2)3C = C(CH2)3CH3 an CH3(CHa)gCH3 


9.33 Mixtures of products are sometimes formed since the alkynes are unsymmetrical. 


2 equiv 
—— м 


(а) CHSCH»CH»>C=CCH СНаСНоСНоС (ве) (ВСН 


Br» 
(b) CHa4CH5CH» H CH4CH5CH; Br 
снъснсн,с==ссн, 90У. ‘= + ес 
Зем 3 HBr / \ / \ 
Br CH3 H CH3 
(c) excess 


CH3CHCH>C=CCH3 -o CHaCH2CH2C(Br2)CH2CH3 
r 
+ CHaCH5CH5CH5C(Bra3)CH4 


(d) CHSCH4CH, H 
ES Li in МН» N / 
CH3CHaCH»C=CCH3; ~> cae 
H CH3 
O 
е 
e) H50. H5804 ! 
CH34CH3CH4C z:CCHg | — M ——- | CH3CH2CH2CCH3SCH5 О 


HgSO, jl 


+ CH4CH5CH2CH5CCH3 


9.34 Both KMnO; and Оз oxidation of alkynes yield carboxylic acids; terminal alkynes give 
CO: also. In (а), (b), and (c), the observed products can also be formed Бу KMnO4 
oxidation of the corresponding alkenes. 


(a) u KMnO4 
CH4(CHj)sC =CH Ro CH4(CH5)gCOSH + СО, 
b CEECCHs COH 
OO) uu KMnO4 
| = + — CH3COH 
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(c) KMnO4 
anme HO5C(CH5)gCO5H 
H30 


Since only one cleavage product is formed, the parent hydrocarbon must have 
contained a triple bond as part of a ring. 
(9 (На 
СНзСН==ССНСНС E CH 


О 
il 


О 
: СНаСНО + CH4CCH,CHSCOSH + СО» 


Ts 
—> 
2. Zn, НО“ 


Notice that the products of this ozonolysis contain aldehyde and ketone functional 
groups, as well as a carboxylic acid and CO». The parent hydrocarbon must thus 
contain a double and a triple bond. 


C=CH О О 
LU NEN [ 
2 zn нот” "“ООНә©н;Он;Сн;ССО;н + СО; 
1. TN NH3 
2. CHaCH>Br Li | 
3 2 inalar 
S SS 


catalyst 
Сн!» 
Zn(Cu) 
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Organic Synthesis 
9.36 
О Cl 
|| А 1. О, A HCI | 
RCH 2. Zn HgO RCHCH3 


Q 
|| 


TN H A 1. BH}, THF у 0 
е Ра N / 2. н», OH : 
CUNH 
RCH- CH, ~« UNIS / \ 1. NaNHp, NH3 R—C=C—CH, 


A or Ho, Lindlar 2. CHBr 
O О 
В /* JH А 1. RCOSH H20, H5S0, T 
— RCCHs 
H^ `H 2. H30* HgSO, 
9.37 
О 
а 
y = H20. H9804 | 
CHaCHoC =CH ~HgSO, CH3CH5CCH4 
(b) CH4CH3C =CH ЕЕ CHaCH3CH5CHO 
qanm —————— ? 
VES 2. НО», OH 3772772 
(с) CECH с=сон»з 
1. NaNHp, NH4 
»— 
2. СНаВг 
(d) i 
C=CCH С H 
3 н, Se^ 
—————— ———— 1 | 
Lindlar catalyst CH3 
(e) = KMnO4 
CH,CH,C =CH —————- CH3CHCO,H + со, 


H40* 
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Br 
(f) CH3CHoCH5;CH5CH = CH» vc CH4CH5CHoCH5CH(BOnCHs5Br 
a 1. 2 NaNH;. МНА 
2. НО" 


CH3CH;CHa5CH5C Œ CH 


9.38 
(a) CH3CH2CH;C — CH uet CH4CH35CH5CH = CH; зға CH3CH2CH;CHO 
Lindlar 2. Zn, H4O + 
catalyst сно 


1. NaNH>, NH; 
— —— aoe 


(0) (снузснен»с=ен 
2. СНэСНВг 


(СНэ)>СНСНСЕЕ CCH5CH3 
Li in NH3 
H CH 
с=с 
РА \ 
(CH4)j;CHCHa H 


9.39 The product contains а cis-disubstituted cyclopropane ring, which can be formed from а 
Simmons-Smith reaction of CH2I2 with a cis alkene. The alkene with a cis bond can be 
produced from an alkyne by hydrogenation using а Lindlar catalyst. The needed alkyne can 
be formed from the starting material shown by an alkylation using bromomethane. 


1. NaNH>. NH3 
m дж 


CH4CH5CH4CH5C = CH CH4CH5CH,CH5C =Œ CCH4 


2. СНВ 
H2 
H Н Lindlar catalyst 
C 
{N H ri 
--C—C.. C=C 
H » H CHalo / \ 
п (Си! 
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9.40 
i | 
С CHCH;Br C -— CH 
> 
i | CH? ве, 2 KOH 
1. BHs. ТНЕ 
1. МаМН>. NH3 2. H202. OH 
j 2. СНВ 9 
Cx -CHa C=CCH3 CHCH 


Li in МНА 
——=—— 


The trans double bond in the second target molecule is a product of reduction of a triple 
bond with Li in NH3. The alkyne was formed by an alkylation of a terminal alkyne with 
bromomethane. The terminal alkyne was synthesized from the starting alkene by 
bromination, followed by dehydrohalogenation. 


9.41 
(a) _ 2 Cl 
CHaCHCECH я. CHGCH;CICIICHCL, 
242 Lgs 
1.12 2-Tetrachlorobutane 
(b) Cll „©! 
PN 
ad H 
снаснс=сн —H2 = cH4cH;cH-— cH, АЗЫ снуснусн —сн, 
Lindlar KOH 
catalyst 1 .1-Dichloro-2-cths l- 


cyclopropane 


9.42 In all of these problems, an acetylide ion (or an anion of a terminal alkyne) is alkylated by a 
haloalkane. 


@ mou Nate Nh CHaCH4CHSC E CH 
= Kee = 
ын 2. СНАСН»СНәВг чай ыд. 


(b) а, 1. Мамнь, NH3 1. NaNHo, NH3 = 
нс сн Be снусн,с= он 2—35 CH3CH;C = ССНСНА 
2. CH3CH;Br 2. CH3CHgBr 
1. NaNH», NH 
(<) нс=сн 2—3 (CH3)9CHCH4C CH 


Е а ОБАА БРЕНА 
2. (СНа»СНСНЫВг 
3/2 2 Hp. Lindfar catalyst 


or. Liin NH; 
(CH3)5CHCH3CH = CH; 
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(P сн.сносньс=сн_ LANH Nh; CH4CH3CH3C = CCHoCHSCH 
3 2 2 — 2. CHaCH5CH3Br 3 Ho 7Ho E 2 НС 3 


from (а) | H20. Н2504 
О 
O 4 Hgs0, 
CH3CHa2CHSCCH3CHaCHSCHs 


Hydroboration/oxidation can also be used to form the ketone from 4-octyne. 


(€ нс=сн ММН NS сн.сн,сньсньс=сн 
T 2. CHaCH,CHsCH,Br е 
1. ВНЗ. THF 
2. НО». ОН 
CH3CH3CH;CH5CH9CHO 
9.43 
2 CCH4CH D2 БЕ | 
CHaCH3C = кулыт =C 
37 2 XE Lindlar catalyst у \ 
CH3CHo CH5CH4 
D CH4CH 
e = Liin №3 E 
CH3CHa€ = CCHoCH5 1а ere 
CH4CHo D 
(с) |. NaNH; D30* 
CH4CH35CH5C =CH rcd (СНаСН СНС E C: Nat] — — CH3CHgCH2C E CD 
3 
(d) C=CH Г CEC Nat с=ор 
NaNHo | D40* 
NH3 | | 
Отаг catalyst 
Y 
9.44 
e 1.2 NaNH», NH 
HC =CH 


2. BrCHo(CH5)gCHoBr 


A dihalide is used to form the ring. 
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9.45 Muscalure is a C23 alkene. The only functional group present is the double bond between 
С» and Cio. Since our synthesis begins with acetylene, we can assume that the double bond 
can be produced by hydrogenation оба triple bond. 


HC==CH i. NaNHp, NH3 HalC Hele ECH 1. NaNHo. NH3 
— €———H————M—À = ——— 
2. СНУ СН) 5СНЫВг CRACHA) 2. CHS4(CH4)4 CH5Br 


CHa(CHojgCHo ^ CHa(CHa)1CHa 
H5 / 


C=C 
Lindlar / \ 
catalyst H H 
(Z}-9-Tricosene 


CH4(CH2)7C = C(CH5)43C H4 


General Problems 


9.46 (a) An acyclic alkane with eight carbons has the formula CsHis. CsHio has eight fewer 
hydrogens, or four fewer pairs of hydrogens, than CsHis. Thus, CsHi0 contains four 
degrees of unsaturation (rings/double bonds/triple bonds). 

(b) Because only one equivalent of H2 is absorbed over the Lindlar catalyst, one triple 
bond is present. 


(c) Three equivalents of H2 are absorbed when reduction is done over a palladium 
catalyst; two of them hydrogenate the triple bond already found to be present. 
Therefore, one double bond must also be present. 


(d) CsHio must therefore contain one ring. 
(e) Many structures are possible. 


с=сн 
HC =CH <>- с=сн 
H5C —CHCHC =CH 


9,47 
CH;CH5CH; 
_3H 


p di т 
H 


C. 
Ca 1.0 
SCH Мс: РЕАЛИ = plus other traements 
2. Zn, НО 


A 
Ne 2. NaNHo, МЫЗ _ 


3? 0H — — 
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9.48 
8 Ho 
Pd/C 
H4C—CzC—CzC-—CHh, 
A 1. 0; 2 lodi Mi E 
2. Zn. H30* 2 НОС COH 
9.49 
(a) 
H Br 
Р v. Bra 
CHoaCl5 
mrans-5-Decene HBr 
| NaNH», NH4 
Ho pd 
РР м. Se "== 
Lindlar 
cts-3-Decene calalyst 
(b) 
H Br 
Br 
P di i ЧЕРЕН a ача CHCI, es E 
cis-5- Decene ee HL Br 
| NaNHo. NH4 
Ws etie Lis и Li in NH4 p == 
Urcns- S-Decene 
9.50 
Q en На 
1, НСЕЕС: T Nat e __ 
CHQCCH, 2-НС226: М» сн. ccecH H20 n нс=сс=сн 
2. H30 | H5SO, 
СНз Ho 
CH; Lindiar catalyst 


HC = CCH = CHo 


2-Methy!- I .3-butadiene 
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9.51 
qu 
Su 
CH4O 
9.52 | 
2 
СТА, -- - HZA 
(foto. :О: ж 
M 1С SCH es 
CH3CH2CH2CH2CH20, — —*  CH3CHCH2CH2CHoCHC =CH 
H 
OH | OH 
{ Ho | 
CHa4CH5CH5CH5CH4CHCH — CH; corr CHa4CH3CH5CHaCH3SCHC =CH 
I -Octen-3-ol Catalyst 
The addition of acetylide occurs by the samc route as shown tn Problem 9.41. 
9,53 (1)  Erythrogenic acid contains six degrees of unsaturation (see Sec. 7.2 for the method of 


Q 
3) 
(4) 
(5) 


(6) 


calculating unsaturation equivalents for compounds containing elements other than С 
and H). 
One of these double bonds is contained in the carboxylic acid functional group 
—CQoH; thus, five other degrees of unsaturation are present. 
Because five equivalents of H2 are absorbed on catalytic hydrogenation, erythrogenic 
acid contains no rings. 
The presence of both aldehyde and carboxylic acid products of ozonolysis indicates 
that both double and triple bonds are present in erythrogenic acid. 
Only two ozonolysis products contain aldehyde functional groups; these fragments 
must have been double-bonded to cach other in erythrogenic acid. 
H2C=CH(CH?2)}4C= 
The other ozonolysis products result from cleavage of triple bonds. However, not 
enough information ts available to tell in which order the fragments were attached. 
The two possible structures are: 

A  HC-CH(CHz4C-2C-C-C(CH»):CO»H 

B  IbC-CH(CH24C-C(CHzi;C-CCO»H 
One method of distingutshing between the two possible structures is to treat 
erythrogenic acid with two equivalents of H2, using Lindlar catalyst. The resulting 
trialkene can then be ozonized. The fragment that originally contained the carboxylic 
acid can then be identified. (A is the structure of erythrogenic acid.) 
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[У oromon B 

Е [ 
Ho CH4CH3CCHs 
Pd/C " 


E HO, H2504 
CHCE CCH, —————— + 
KMnO4 
| H,0* [ escono 
HO2CCH3 " D 
feH—CHaCOSH + HOCCHg 
HOsCCHy Ё 
9.55 
д bonds 
=>% =з A em mme 
sp? f ру SA Va PT) s 
yer nV 
Ro x E YY” -R3 
—с $р к Sp -5p 


This simplest cumulene is pictured above. The carbons at the end of the cumulated double 
bonds are sp’-hybridized and form one л bond to the “interior” carbons. The interior 
carbons are sp-hybridized; each carbon forms two z bonds — one to an “exterior” carbon 
and one to the other interior carbon. If you build a model of this cumulene, you can see that 
the substituents all lie in the same plane. This cumulene can thus exhibit cis-trans 
isomerism, just as simple alkenes can. 


In general, the substituents of any compound with an odd number of adjacent double bonds 
lie та plane; these compounds can exhibit cis-trans isomerism. 


9.56 In order for a base to strong enough to deprotonate an acid, the cognate acid of the base 
must a weaker acid (have a higher pKa) than the acid being deprotonated. The pKa of 1- 
butyne is 25. 

(a) The pKa of H20 (the conjugate acid of hydroxide) is 15. Because water is a stronger 
acid than 1-butyne, hydroxide w/// not deprotonate \-butyne. 


KOH 
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(b) The pK; of dimethylsulfoxide (the conjugate acid of dimyslate ion) is 35. Because 
dimethylsulfoxide is a weaker acid than 1-butyne, dimsylate wil! deprotonate 1- 
butyne. 

о 

| 

$ 


мабн “ен, 

(c) The pk of butane (the conjugate acid of n-butyl lithium) is approximately 60. 
Because butane is a weaker acid than 1-butyne, n-butyl lithium wi// deprotonate l- 
butyne. 


CH3CH;CH;CHeLi 


(d) The pKa of acetone (the conjugate acid of acetone enolate) is 19. Because acetone is 
a stronger acid than 1-butyne, acetone enolate will not deprotonate 1-butyne. 


о 
|| 
с 


Nå Сн; "CH 


9,57 The overall trend for carbocation stability is shown below. Recall that resonance adds 
additional stability to carbocations. 


iia H R R R ; 
easi те + mos 
stable pa * A ~ R———H Б pu à pu stable 
H H H H R H R R 
methyl primary secondary viny! secondary tertiary 
(a) © @ 
secondary vinyl secondary secondary 
with resonance 
(0) Poe 3 < ye < ANS 
SS SS © 
secondary vinyl secondary secondary 


with resonance 


secondary vinyl secondary tertiary 
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Chapter Outline 


I, Names and properties of alkyl halides (Section 10.1). 
A. Naming alkyl halides. 
1. Rules for naming alkyl halides: 
a. Find the longest chain and name it as (һе parent. 
i. Ifa double or triple bond is present, the parent chain must contain it. 


b. Number the carbon atoms of the parent chain, beginning at the end nearer the 
first substituent, whether alkyl or halo. 


c. Number each substituent. 
i. If more than one of the same kind of substituent is present, number each, and 
use the prefixes di-, tri-, tetra- and so on. 
ij. If different halogens are present, number all and list them in alphabetical 
order. 
d. If the parent chain can be numbered from either end, start at ће end nearer the 
substituent that has alphabetical priority. 
2. Some alkyl halides are named by first citing the name of the alkyl group and then 
citing the halogen. 
B. Structure of alkyl halides. 
1. Alkyl halides have approximately tetrahedral geometry. 
2. Bond lengths increase with increasing size of the halogen bonded to carbon. 
3. Bond strengths decrease with increasing size of the halogen bonded to carbon. 
4. Carbon-halogen bonds are polar, and many halomethanes have dipole moments. 
5. Alky! halides behave as electrophiles in polar reactions. 
П. Preparation of alkyl halides (Sections 10.2—10.5). 
A. Radical halogenation of alkanes (Section 10.2). 
1. The sequence of steps: initiation, propagation, termination, 
2. Complications of radical halogenation. 
a. The reaction continues on to produce di- and polysubstituted products. 
b. If more than one type of hydrogen is present, more than one type of 
monosubstituted product is formed. 
с. The reactivity order of different types of hydrogen towards chlorination is: 
primary < secondary < tertiary. 
i. This reactivity order is due to the bond dissociation energies for formation of 
the alkyl radicals. 
и, The stability order of alkyl radicals: primary < secondary < tertiary. 
B. Allylic bromination of alkenes (Sections 10.3—10.4). 


1. Reaction of an alkene with NBS causes bromination at the position allylic to the 
double bond (Section 10.3). 


2. This reaction occurs by a radical chain mechanism. 
a. Br abstracts an allylic hydrogen. 
b. The allylic radical reacts with Br» to form an allylic bromide, plus Br. 


© 2016 Cengage Leaming. All Rights Reserved. May not be scanned, copied or duplicated, or pasted to a publicly accessible website, in whale or in pait. 


260 Chapter 10 


Reaction occurs at Ис allylic position because an allylic С-Н bond is weaker than 

most other С-Н bonds, and an allylic radical is more stable. 

Reasons for stability of an allylic radical (Section 10.4). 

a. The carbon with the unpaired electron is sp^-hybridized, and its p orbital can 
overlap with the p orbitals of the double-bond carbons. 

b. The radical intermediate is thus stabilized by resonance. 


i. This stability is due to delocalization (spreading out) of the unpaired electron 
over an extended z network. 


c, Reaction of the allylic radical with Bro can occur at either end of the л orbital 
system. 


1. A mixture of products may be formed if the alkene is unsymmetrical. 


п. These products aren't usually formed in equal quantities: reaction to form the 
more substituted double bond is favored. 


d. Products of allylic bromination can be dehydrohalogenated to form dienes. 


C. Alkyl balides from alcohols (Section 10.5). 


l. 


3. 


Tertiary alkyl chlorides, bromides or iodides can be prepared by the reaction of a 

tertiary alcohol with НСІ, HBr or HI. 

а. Reaction of secondary or primary alcohols occurs under more drastic conditions, 
which may destroy other acid-sensitive functional groups. 

Primary and secondary alkyl chlorides and bromides can be formed by treatment of 

the corresponding alcohols with ЗОСЬ or PBrs, respectively. 

a. Reaction conditions are mild, less acidic, and are less likely to cause 
acidcatalyzed rearrangements. 

Alkyl fluorides can be prepared using either (CH3CH2)2NSF3 or НЕ in pyridine. 


Ш. Reactions of alkyl halides (Sections 10.6-10.7). 
A. Grignard reagents (Section 10.6). 


E 


4. 


Organohalides react with Mg to produce organomagnesium halides, RMgX. 
a. These compounds are known as Grignard reagents. 

Grignard reagents can be formed from alkyl, alkenyl and aryl halides. 

a. Steric hindrance is no barrier to formation of Grignard reagents. 

The carbon bonded to Mg is negatively polarized and is nucleophilic. 
Grignard reagents react with weak acids to form hydrocarbons. 


B. Organometallic coupling reagents (Section 10.7). 


l; 
2. 


Alkyl halides can react with Li to form alkyllithiums. 


These alkyllithiums can combine with Cul to form lithium diorganocopper 
compounds (R2CuLi), which are known as Gilman reagents. 


. R2CuLi compounds can react with alkyl halides (except for fluorides) to form 


hydrocarbon products. 

Organometallic coupling reactions аге useful for forming large molecules from small 
pieces. 

a. The reaction can be carried out on alkyl, vinyl and aryl halides. 

b. The mechanism is not a typical polar nucleophilic substitution. 
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5. A related reaction is the Suzuki-Miyaura reaction — a palladium-catalyzed coupling of 
aryl or vinyl organotin reagents with organohalides. 
IV. Oxidation and reduction in organic chemistry (Section 10.8). 
А. In organic chemistry, an oxidation is a reaction that results in a loss in electron density 
by carbon. 
1. This loss may be due to two kinds of reactions: 
a. Bond formation between carbon and a more electronegative atom (usually О, N or 
halogen). 
b. Bond breaking between carbon and a less electronegative atom (usually H). 
2. Examples include chlorination of alkanes and reaction of alkenes with Br». 
B. A reduction is a reaction that results in a gain of electron density by carbon. 
1. This gain may be due to two kinds of reactions: 
a. Bond formation between carbon and a less electronegative atom. 
b. Bond breaking between carbon and a more electronegative atom. 
2. Examples include conversion of a Grignard reagent to an alkane, and reduction of an 
alkene with H2. 
С. Alkanes are at the lowest oxidation level, and СО? is at the highest level. 
D. A reaction that converts a compound from a lower oxidation level to a higher oxidation 
level is an oxidation. 
E. A reaction that converts a compound from a higher oxidation level to a lower oxidation 
level is an reduction. 
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Solutions to Problems 


10.1 The rules that were given for naming alkanes in Section 3.4 are used for alkyl halides. A 
halogen is treated the same as an alkyl substituent but is named as a halo group. 


(a) CHa4CH5CH2CHsol (b) vtta 
GH,CHCH,CH,CI 


i-Jadobutáne | -Chloro-3-methyIbutane 


(c) "a (d) "a 
и Ho ЫШ ыды 
CH; ^ Gl 
1 .5-Dibromo-2.2-dimethylpeutane 1 3-Dichtoro-3-methylbutane 
(e) ! сносносі (f) Br e 
CH4CHCHCH;CHs CH4CHCH5CH5CHCHs 
i-Chloro-3-ethyl-4-iodopentane 2- Bromo-5-chlorohexane 
10.2 
(a) нз 7 (b) rà Hs 
ША ий epo ОДОН нена 
CH3 CI 
2-Chioro-3.3-dimethyihexate 3,3-Dichloro-2-methylhexane 
(c) Noo (d) Hale " 
CHaCH2CCH2CHa нр — S 
Br HaC 
3-Bromo-3-ethyIpentane 1 .1-Dibromo-4-isopropylcycilohexane 
E ho. 7 бы XP 
CHa4C H2CH2CH2CH2ÇCH2CHCH; е Br 
CH3CH5CHCH4 


4.jee-Butyl-2:chlorononane 1 .f-Dibrome-4-rert-butyleyclohexane 
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10.3 
r Site of 
Product chlorination 
үз 
CH3CHsCHsCHCh Ci a 
|-Chloro-2-methylpentane 
i 
Г CHgCHyCH2C(CH3)> b 
| 2-Chloro-2-methylpentane 
Cl 
е d c b a Clo < | 
CH4CHCH;CH(CHgg — t | CHaCHyCHCH(CH,)o с 
M 
2-Methylpentane 3-Chioro-2-methyIpentane 
i © 
CH4CHCH5CH(CH3)» d 
2-Chioro-4-methy Ipentane 
CICH5CH5CH3CH(CHa)o e 
| -Chloro-4-methylpentane 
Chlorination at sites b and e yields achiral products. The products of chlorination at sites 
a, c and d are chiral; each product is formed as a racemic mixture of enantiomers. 
10.4 
a Туре of -H a b © а 
H . 
T 3 Number of -H 6 | 2 3 
Мая ot each type 
c a 
H Relative reactivity 1.0 50 3.5 10 
Ё Number times reactivity 6.0 50 70 30 
2-Methylbutane. adr j А | | 
Percent chlorination 29% 4 339 14% 
i ез 
CH3CH»CHCHsCl + CH3CH»CCHs 
CH УС; AC 
| 3 б 29% с} 24% 
©н$Он;ОНСн; “= 
W a CH 
* CHSCHCHCHs * — CICH;CH?CHCHs 
Gl 33% 14% 
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10.5 
С е ae © 
10.6 
CH» 
Abstraction of hydrogen by Bn 
a bromine radical yields an { 
allylic radical. ; 
А CHo СН? 
СТ "— + HBr 
The allylic radical reacts with | Bro 
Вг? to produce A and В 
Br 
CH» CH58r 
A B 
Product B is favored because rcaction at the primary end of the allylic radical yields а 
product with a trisubstituted double bond. 
10.7 (а) 


X CH3 СНз 
ois NBS : 
СС! 
zoi һу ^ Br # 
Br 


5-Meths kyeloheptene— 3-Bromo-5-methivleycloheptene—- 3-Bromo-6-methsyl- 
cycloheptene 
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(b) | 
НВ | GMs 
.CH3C— CH= CHCH,CH | сне —CH —CHCH;CH; 
| Br 
з ik 
CHa CH3C — CH — CHCH3CHs | CHC =CH SCHEREN 
| NBS . | 
CH4CHCH — CHCH3CH4 —= and — Br 
СС : qt i ers 
' 1 
CH3CHCH — CH — CHCH3 | CHgCHCH —CH —CHCH; 
| | Br 
СНз | Сна 
|CH3CHCH — CH=CHCHg | CHaCHCH —CH —CHCH; 
Br 
Two different allylic radicals can form, and four different bromohexenes can be 
produced. 


10.8 Remember that halogen acids are used for converting tertiary alcohols to alkyl halides. 
PBr: and SOCH: are used for converting secondary and primary alcohols to alkyl halides. 
(CH3CH2)2NSF3 and HF in pyridine can be used to form alkyl fluorides. 


(a) СНз СНз 
CH DM я CH R 
3 3 ether zt 3 
OH Cl 
(b) ON ("а Br rs 
Br 
CHa3CHCH5CHCH; e CH3CHCHaCHCH, 
(с) CHa Сну 
r 
HOCH sCH2CHaCH sCHCH, ттд BrCHoCHaCH5CHaCHCH;3 


(d) OH F 
2 4 | НЕ = : | 
————- 
pyridine 


©. 2016 Cengage Learning. АЙ Rights Reserved. May not be scanned, copied or duplicated. or posted to a publicly accessible website, in whole or in part. 


266 Chapter 10 


10.9 Table 9.1 shows that the pK; of СНз—Н is 60. Since CH4 is а very weak acid, :CHs is a 
very strong base. Alkyl Grignard reagents are similar in base strength to : CH», but 
alkynyl Grignard reagents are somewhat weaker bases. Both reactions (a) and (b) occur 


as written. 
(a) E 
CH3MogBr + H—CzC—H ~= СН. + НУС =C—MgBr 
stronger stronger weaker weaker 
base acid acid base 
(b) 
CH3MgBr + NH; — СНА + H3N—MgBr 
Stronger Stronger weaker weaker 
Базе acid acid base 


10.10 Just as Grignard reagents react with proton donors to convert R-MgX into R-H, they 
also react with deuterium donors to convert R-MgX into R-D. In this case: 


Br MgBr D 
| Mg | 020 | 
CH3CHCHsCH, таа т CH3CHCHsCH3 ———— CH3CHCH5CHa4 
“ber 


10.11 (a) The methyl group has an alfylic relationship to the double bond. Thus, an 
organometallic coupling reaction between 3-bromocyclohexene and lithium 
dimethylcopper gives the desired product. 3-Bromocyclohexene can be formed by 
allylic bromination of cyclohexene with NBS. 


NBS Н; i 
Br (CH4)5CuLi сн, 
CCl4 


hy 
3-Methyleyelohexenc 


(b) Weare asked to synthesize an eight-carbon product from a four-carbon starting 
material. Thus, an organometallic coupling reaction between 1-bromobutane and 
lithium dibutylcopper gives octane as the product. The Gilman reagent is formed 
from 1-bromobutane. 


4Li Cul » 
2 CH4CH5CH5CH5Br 2 CH3CHsCHaCHalLi ———*-  (CH4CH5CHSCH5)5Cu Li* 
pentane RoE ether ae 
lpr | 


CHaCHsChoCHoBr + (CH4CHoCH3CH») НЫ CHa4(CHa)gCH4 + LiBr 
3 liU PI oU JUNUL N2)? 312726913 
Octane 


+ CH4CH5CH5CHs5Cu 


——- 
ether 
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(c) The synthesis in (b) suggests a route to the product. Decane can be synthesized 
from 1-bromopentane and lithium dipentylcopper. 1-Bromopentane is formed by 
hydroboration of 1-pentene, followed by treatment of the resulting alcohol with 


РВ». 

1. ВНЗ, THF 

CH4CH5CH3CH = CHp — Ó——— CH3CHa2CH2CH52CH50H 
2. H505. OH 

| PBrs- ether 
CHaCHoCHoCHSCHoBr 

4Li _ е 

2 CH4CHoCHoCH5CH5Br ———» 2 CH3CH2CH2CHoCHəLi + 2 Вг 

регїапе 
| Cul- ether 


CH3CH2CH35CH5CH5Br * (CH3CH5CH5CH5CH5)eCu и“ pred CH3(CHo)gCH3 
Decane 


+ LiBr + CH4CH5CH5CHoCH2Cu 


10.12 (3) Asdescribed in Worked Example 10.2, the oxidation level of a compound can be 
found by adding the number of C—O, C-N, and C-X bonds and subtracting the 
number of С-Н bonds. Cyclohexane, the first compound shown, has 12 С-Н 
bonds, and has an oxidation level of 712. Cyclohexanone has 2 C—O bonds (from 
the double bond) and 10 С-Н bonds, for an oxidation level of —8. 1- 
Chlorocyclohexene has one C~Cl bond and 9 С-Н bonds, and also has an oxidation 
level of -8. Benzene has 6 С-Н bonds, for an oxidation level of —6. 


In order of increasing oxidation level: 


ооа о 


CH3CH2NH2 < HoNCH2CH5oNH» < СНАСМ 
oxidation leve] = + oxidation leve] = —2 oxidation level = 0 


(b) 


10.13 (a) The aldehyde carbon of the reactant has an oxidation level of 1 (2 C—O bonds 
minus 1 С-Н bond). The alcohol carbon of the product has an oxidation level of —1 
(1 C-O bond minus 2 C-H bonds). The reaction is a reduction because the 
oxidation level of the product is lower than the oxidation level of the reactant. 
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(b) The oxidation level of the upper carbon of the double bond in the reactant changes 
from 0 to +1 in the product; the oxidation level of the lower carbon of the double 
bond changes from 0 to —1. The total oxidation level, however, is the same for both 
product and reactant, and the reaction is neither an oxidation nor a reduction. 


Visualizing Chemistry 


10.14 
(a) oea (b) cs © 
CI CH3 CH3C = CHCHCHsCH5CHs 
cis- V-Chloro-3-methyleyctohexane 4-Chloro-2-methyl-2-heptene 
10.15 (a) 
ү EE. 
CH3C-—CHCHCHSCHs - CH3C — CHCHCH2CH3 
м 
єн; .CHSCCH—CHCH;CHs | снгссн =снснгснз 
CH3C = CHCH2CHsCH3 — MET — в 
2-Methy!-2-hexene ech | Бн : ea 
; CHC = CHCHoCH2CHs | СНаС =CHCHsCH2CH4 
i | + 
i i 
' CH3C — CHCH2CH5CHs | CH4C — CHCH CH>CH3 


(b) 


о-о xX 
S oa OO 


10.16 The name of the compound is (R)-2-bromopentane. Reaction of (S)-2-pentanol with РВгз 
to form (R)-2-bromopentane occurs with a change in stereochemistry because the 
configuration at the chirality center changes trom S to А. 
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Mechanism Problems 


10.17 (a) 
Г] | - light p 
Mechanism: 
Initiation вс В, light 2 Bre 


Hat \ 
“В 
Propagation my 44 aec [| H—Br 


ae Br -Br 
Propagation m Вг Вг uf 

[NON Br 
Termination m в o ă —————— E 


Although there are several possible termination 
steps, only this one provides the product. 
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(b) 

light 
ра T Cl; 2 = De 
Mechanism: 


Initiation со Заар 


Propagation X. H ра н— С! 
E ve Cl 
2 


CH2 
Propagation ро (Y f ше, „© “Cl 
CH2 | Н, 
Termination (Y dE — „©! 
CH, “Cl С 
2 H2 


Although there are several possible termination 
steps, only this one provides the product. 
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(c) 


light CI 
* Cl» ———— 
Mechanism: 
Initiation са at 2Ck 
H2 ы 
AAA: Б сњ 
H te pu 
: на 
Propagation 
Wl. Hz 
Сн, Ci cl Os. 
| ыг а а с 
Propagation 
{Yt Hp 
Termination CH, ‘Cl CN 
— Cl 


Although there are several possible termination 
Sieps, only this one provides the producl. 
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10.18 (a) 
Е 
NBS 
— ji- 
Mechanism: 
H j 
— Br H— B 
= г 
r Вг 
am 
— re 
(b) 
CH3 CH2Br 
= NBS SS 
——— 
22 p 
N N 
Mechanism: 
H2 ‚ 
(N CH? 
*B 
| Е Чун : ————— | м н—Вг 
р T 
үлү ү. Hə 
СН? : j CS, 
УУЛ 77 
М М 
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(c) 


Mechanism: 


10.19 
о H О 
if 
ш M x b" + в te > 
o 
Nr A succinimide 
Mechanism: 
PONO BS” P^ а =. p 
ч—В —= Ne —- b" uS —— ÎN—H ` —» м—н 
:В: 
O b. o 
10.20 
пынан 
їз Tee (Нз н Ta 
y » > 
H4C77C-77Br: а | НСС =— H30—~C—O*, = НСС он 
cf +] Bano 
CH,” CH, Нас (rh CH3 
Tp \ М 
+ Bri yd + H340 
"s TIEN 
10.21 
һе 
Ghas — ——— ^ (C4HglSn: + Н: 


(C4Ho)4Sn- * RX 


(C4Ha)4SnH + В. 


(CaHg)gSnX + R: 


({СаНо}з5п* + RH 
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Additional Problems 
Naming Alkyl Halides 
10.22 
а) HaÇ Brar Hg (5) ! 
CH3CHCHCHCH CHCH, СНаСН =СНСНЬСНСНЗ 
34A-Dibromo-2.6-dimerhylheptane 5-Iodo-2-hexene 
(c) qr o rs (d) СНВ 
CHSCCH;CHCHCHs CHgCH»CHCH,CH,CH3 
CH, 


E 3-(BromomethyDhexane 
2-Bromo-4-chloro-2.5-dimethylhexane Y. 


(e) CICH5CH5CH5C = CCH58r 


|-Bromo-6-chloro-2-hexvyne 


10.23 
(a) vai e (b) d os 
CH3CH;CHCHCHCH; CHaCH2CCH2CHCHa 
ci CHoCH3 
2.3-Dichloro-4-methylhexane 4-Bronio-4-uthyt-2-methylhexane 
(c) GH | os (4) НН 
сн — CHCCH; 
CH3 СН Br CH3CHa 
3-lodo-2 2.4 4-tetramethylpemane cíis- l-Bromo-2-ethyleyclopentane 
10.24 


(а) 2-methylbutane 


There are seven ditferent products. All of the compounds whose names include the 
absolute configuration (R or S) in their name are chiral and optically active. 


Light 
2-methylgulans (R)-1-chloro-2-methyfbutana (S)-1-chloro-2-methylhutane (R}-2-chiaea-2«methylsutane (S)-2-chloro-2-mathyl3utana 


Лх к ДА 


cf н се н 
(R)-2-chloro-3-metnylbutans (S)2-chloro-2-methylbutane 1-chlora- 3- тему дате 
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(b) methylcyclopropane 


There are six different products. All of the compounds whose names include the 
absolute configuration (R and/or S) in their name are chiral and optically active. 


DP m БС pm а 


С! cl 
mathylcydopropeng 1-chloro- 1«méthylcyclopropane (1R,2R)-1-chloro«2«methytoyclopropane (1S, 2R)-1-chloro-2-methylcyclopropane 


pus р me P i 


с ci 
4-chloro-1-methylcyclopropane (1R,2S}>1-chlore-2-methylcyclopropane (18,28)-1-chloro-2-methylcyclopropane 


(c) 2,2-dimethylpentane 


There are six different products. All of the compounds whose names include the 
absolute configuration (R or S) in their name are chiral and optically active. 


2.2-dimethylpentane 1 -chloro-2.2-dimethvipentane R)-3-chloro-2. ЕЕН (S)-3-chloro-2,2-dimethylpentane 
H fl cl, 
E А е 
(S)-2-chloro-4 4-dimethylpentane iR}2-chigro-4,4-dimethylpentane 1-chloro-4 4 -dimethylpentane 


Synthesizing Alkyl Halides 


= C 
—>^ 


Chlorocyclopentane 


de 
"Cos (yt ewe Cy 
wor me 


us 


Methyleyclopentane 


.NBS. 


Cl; 


y 
п 3-Bromocyclopentene 
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^ C seme, Cyn 
2. 2. мавн 
Cyclopentanol 


Hydroboration/oxidation can also be used to form cyclopentanol. 


_2ы Li Li 
“pentane . 
dicta 


Cu. | Сиш ee ALY trom (0) 
ether - ether ^ 
Cyclopenty lcyclopentane 


from (c | .3-Cyclopentadicne 


(a) НС OH 
Se ‘Ether _ $9020 


CH3CH3CH2CH20H SO CH4CH3CHSCH5CI 


Br 
NBS e 
—> + 
со, 


Bf 


10.26 


The major product contains a tetrasubstituted double bond, and the minor product 
contains a trisubstituted double bond. 


OH Br 
FBr5 
— 
Ether 
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(e) Br MgBr 
| Ма | H20 
N Ether A B 


Í 
O › CH3CH3CH3CH3Br 


, Cul | 
penne eee Мкр асар: чыр 


А 


(g) С©нзСнрОн;ОНуВг + (CHg)gCuli де Снз©нрСнрСН;ОНу + CH3Cu + LiBr 


Abstraction of hydrogen by Вг* can produce either of two allylic radicals. The first 
radical. resulting from abstraction of a secondary hydrogen, is more likely to be formed. 


CH3CHCH = CHCH; =_= СНаСН = CHCHCH4 (identical resonance forms} 
and 


CH3CHoCH=GHCH, ае CHCH CHCH — CH; 


Reaction of the radical intermediates with a bromine source leads to a mixture of 
products: 


Br 
CH4CHCH = CHCH; cis- and £ranms-d-Bromo-2- pentetic 
ani 
CH4CH5CH = CHCH5Br cis- amd iruns-1-Bromo-2-pentene 
er and 
CH3CH3CHCH = CH» 3-Bromo- F-pentene 


The major product is 4-bromo-2-pentene, instead of the desired product, 1-bromo-2- 
pentene. 
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10.28 


Chapter 10 


Three different allylic radical intermediates can be formed. Bromination of these 
intermediates can yield as many as five bromoalkenes. This is definitely not a good 


rcaction to use in a synthesis cven if the products could be separated. 
Br 


CH3 CH3 
NBS 
со, 


уй — secondary hydrogen ee 3-Bromo-2-methyleyclohexene 


OF 0" а О" С" 


(ally lic — secondary hydrogen ise 


3- И тет 3-Bromo-3-methyl- 
cyclohexene cyclohexene 
> сн Сн» CHBr Сн» 
МВ$ 
! | ee —> + 
' : cc, 
: hv Br 
callvlic — primary hydrogen abstracted) [-(BromomethyBD- 2-Bromomethylene- 
evcloheacne eyclohexane 


€ 2016 Cengage Learning. All Rights Reserved. May not be scanned. copied or duplicated, or posted to a publicly accessible website, in whole ог in part. 


Organohalides 279 


10.29 
ВӘ. GH3CHESCHOHCHESOHa 25 
v CoL hv сс 
CH3CH — CHCH;CH — сн, | CHyCH—CHCHCH—CH, - 
HC — CHCHCH;CH — CH; ! CH3CH =CHCH== CHCH; 
| CH3CHCH —CHCH — CH, | 
BrCH CH — CHCH3CH — CH; | Bro 


6-Broma-1.4-hexadiene 
CH4CH =CHCH=CHCH Br 


у ar 1-Bromo-2 A-hexadiene 
Нос — CHCHCH,CH — CH; + Br 
3-Bromo- f ,5-hesadiene CH4CH —CHCHCH =CH, 
3-Bromo- 1 4-hexadicne 


ү, 
CH4CHCH —CHCH —CH; 
5-Bromo- | 3-hexadiene 
The intermediate on the right is more stable because the unpaired clectron is delocalized 
over more atoms than in the intermediate on the left, and the resulting products should 


predominate. 


10.30 Two allylic radicals can form: 


HH H н H H 
\ / | `/ | 
22 А 22 беен 
| | | =_= | | { 
AN H H мМ. H H 
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The second radical is much more likely to form because it is both allylic and benzylic, 
and it yields the following products: 


H H 
E3 P | | iral 
C C 
bod Р e “с” "OH 
| and | | 
Му. 


Oxidation and Reduction 


10.31 Remember that the oxidation level is found by subtracting the number of С-Н bonds 
from the number of C—O, C-N, and C-X bonds. The oxidation levels are shown beneath 
the structures. In order of increasing oxidation level: 


(а) 9 ү 
CH4CH-—CHCHa, CH4CH;CH -— CH; < CH3CHoCH CH < CH3CH;CHSCOH 
-B -8 -6 E 
(b) 9 
СНСН,СН,МН. СН.СН,СН,Вг < ВгСн,СН,СН,С! < CH4CCH;CI 
-6 -6 -4 -2 


10.32 
О 
9 о 
кы | Siu en Es 19 @ ЕЗ6 
“6 =6 -4 -6 -6 


АП of the compounds except 3 (which is more oxidized) have the same oxidation level. 


10.33 (a) This reaction is an oxidation. 


(b) The reaction is neither an oxidation nor a reduction because the oxidation level of 
the reactant is the same as the oxidation level of the product. 


(c) This reaction is a reduction. 
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General Problems 


10.34 The general trend for radical stability is shown below. 


Hint: 

R R R H € 
most zv. > > > > > —R ea 
labi 7 + bad =H 
a к LIT ut 

allylic tertiary secondary primary meihyl vinylic 
(a) . 
secondary primary vinylic 
(b) 
^ е 
> > 
allylic secondary vinylic 
(c) 
E x pa = P 
tertiary secondary primary 


10.35 Table 6.3 shows that the bond dissociation energy for CeHsCH2-H is 375 kJ/mol. This 
value is comparable in size to the bond dissociation energy for a bond between carbon 
and an allylic hydrogen, and thus it is relatively easy to form the CeHsCH»* radical. The 
high bond dissociation energy for formation of CsHs*, 472 kJ/mol, indicates the 
bromination on the benzene ring will not occur. The only product of reaction with NBS is 
CeHsCH2Br. 


10.36 


—т 


H H H 
| . | | 
С: C C C 
*u С are СТ Ун СҮ SH Sis 
=— — -—— » > 
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(а) t cB) 
CH4CH = CHCH = CHCH — CHCH; н = <> 


CHgCH=CHCH = =CHCHCH=CH, 


| 
CH4CH =CHCHCH =CHCH==CH, ее D " 


+ 
CH3CHCH =CHCH —CHCH = CH; 


10.37 


(c) + ++ _ ^ri + . ч + ча EN 
CH34CEN—0: -——- CHC=N=0  -—-- снб=М—0О: 


10.38 
CH5CH2CH3 CH3CH5CH3 CHaCH5CH3 


Br 
S 2 PUE A 5 


H vun hy Ве 3 нас {ви 

Сн,Снз CHCH» CH2CH3 
Abstraction of a hydrogen atom from the chirality center of (S)-3-methylhexane produces 
an achiral radical intermediate, which reacts with bromine to form a 1:1 mixture of А and 


S enantiomeric, chiral bromoalkanes. The product mixture is optically inactive. 


10.39 


+ other products 


Abstraction of a hydrogen atom from carbon 4 yiclds a chiral radical intermediate. 
Reaction of this intermediate with chlorine does not occur with equal probability from 
each side, and the two diastereomeric products are not formed in 1:1 ratio. The first 
product is optically active, and the second product is a meso compound. 
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10.40 All these reactions involve addition of a dialkylcopper reagent [(CH3CH2CH2CH2)2CuLi] 


10.41 


10.42 


to the same alkyl halide. The dialkylcopper is prepared by treating 1-bromobutane with 
lithium, followed by addition of Cul: 


4 Li Cul 
2 CHa4CH5CH3CH3Br Pantene. 2 CHaCHoCH3CHsLi m (CH3CH5CH5CH5)5CuLi 


Pentan her 


(а) ^ 


HBr 
—^ 
5) OH | Br CH CHsCH»CH, 
РВгз У (СНаСньСнНоСН»)оСий 
—— a 
Ether 
(C) | Butylevclohexane 


Bro : 
һу : 


(a) Fluoroalkanes don't usually form Grignard reagents. 
(b) Two allylic radicals can be produced. 


+ -——— 


—— С 


сн, CH; 
CT. oa 
CH» CH, 
ee CX 


Instead of a single product, as many as four bromoalkene products may result. 
(c) Dialkylcopper reagents don't react with fluoroalkanes. 


A Grignard reagent can't be prepared from a compound containing an acidic functional 
group because the Grignard reagent is immediately quenched by the proton source. For 
example, the -COoH, -OH, -NH», and RC=CH functional groups аге too acidic to be 
used for preparation of a Grignard reagent. BrCH»CHoCEoNH? is another compound that 
doesn't form a Grignard reagent. 
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10.43 
OCH 
Br 
Or 
H 
OCH, 
i + 
Reaction of the cther with HBr can occur by either path A or path B. Path A is favored 
because its cation intermediate can be stabilized by resonance. 
10.44 
OH 
a 
2 “CH3 1. ВНЗ, THF CH, PE 
д 
2. H20», OH 


(CH3)5CuLi | € 


on | 


10.45 As we saw in Chapter 7, tertiary carbocations (R:C*) are more stable than cither 
secondary or primary carbocations, due to the ability of the three alkyl groups to stabilize 
positive charge. If the substrate is also allylic, as in the case of H2C-CHC(CH»3)Br, 
positive charge can be further delocalized. Thus, Н:С=СНС(СНз)Вг should form а 
carbocation faster than (CH3)3CBr because the resulting carbocation is more stable. 


10.46 
:05 от 
Tu f и 
R—O: ВС ——= НС 
ы „№ \ 
о :0:- 
alkoxide ion carboxylate ion 


Carboxylic acids are more acidic than alcohols because the negative charge of a 
carboxylate ion is stabilized by resonance. This resonance stabilization favors formation 
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of carboxylate anions over alkoxide anions, and increases Ka for carboxylic acids. 
Alkoxide anions are not resonance stabilized. 


10.47 (a) 


CH30., р Е kz 
CO2CH3 


CH30 | 
я 
CO2CH3 


B(OH); 
d Kx й 
CH 


(c) 
сно вон} 
сне 
CH4O 
сно, | 
or 
CH3O 
CH30 


Pd(Ph3P}4 
—ы > 


CaCO; 
THF 


^ „ОСНз 
| 
| 


OCH3 
Pd{PhaP),4 
———— 


СаСОз 


(HO)28 THF 


(HO)2B 
| 


CaCO; 
THF 


Сасоз 
ТНЕ 


©, 
р Pd(PhsP) 
CaCO; 
| о ТНЕ 


о 
LX у Pd(PhaP), 
5 геа 
CaCO; 
(нО);8 9 THF 


Pd(Ph3P)4 
—— 


Pd(PhsP)4 
——————- 


ОСН: 
Eee 
CO2CH; 
OCH; 
noel 
сон, 


NH? 


СН; 


NH2 


СН; 


СНзО 


CH30 


4 
2 


сно 


| CIO 
CH30 R 
CH30 


CH30 
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10.48 Hint: When solving these problems it is easiest to create a table. First, all of the unique 
products must be identified. Each product will have a different name. Then one needs 
first determine the number of hydrogens that will lead to the each different product. As a 
double check, the sum of the number of hydrogens leading to each product must be equal 
to the total number of hydrogens in the starting material. Once identified, the type of each 
hydrogen (1°, 2°, 3°) must be assigned. The rate for each type of hydrogen (1:82:1640 for 
1°:2°:3° hydrogens, respectively) should be multiplied by number of hydrogens to give 
the contribution of each product to the whole. That fraction is then calculated by dividing 
each individual contribution by the total contribution and that fraction converted into a 
percentage. 


(a) methylcyclobutane 


#H's 
Product / Name giving contrib | fraction 
product 


Br 
3 


1-bromomethylcyclobutane 


Br 
1 


1-bromo-1-methylcyclobutane 


rf 1 2 82 82 82/2135 
"Br 


(1R,2R)- 1-bromo-2-methylcyclobutane 


= 1 29 82 82 82/2135 
Br 


(1S,2R)- 1-bromo-2-methylcyclobutane 


| | 


Вг 


3/2135 


1640/2135 


82/2135 


(1R,2S)-1-bromo-2-methyicyclobutane 
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Br 


(15,2S)- 1-bromo-2-methylcyclobutane 


2 


cís- 1-bromo-3-methylcyclobutane 


Br 


trans-1-bromo-3-methylcyclobutane 


Totals 
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82/2135 


82/2135 


82/2135 


Product / Namc 


COK^ 


1-chtoro-3,3-dimethylpentane 


&H's 
giving 
product 


fraction 


(R)-2-chloro-3,3-dimethylpentane 
Cl, H 


(S)-2-chloro-3,3-dimethylpentane 


164/340 


164/340 
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3-chloromethyl-3-methylpentane 


Totals 


(c) 3-methylpentane 


#H's type | 
Product / Name giving T rate | contrib | fraction % 
product | — 
CI 
d us 3 І 1 |з 31974 |02 
(R)-1-chioro-3-methylpentane 
Cl 
не Ч 3 І І 3 3/1974 |02 
(S)-1-chloro-3-methylpentane i 
H cl 
/ 1 2 82 82 82/1974 4.2 
Нн СН. 
(2R,3R)-2-chloro-3-methylpentane |. 
Cll H 
/ 1 2 82 82 82/1974 4.2 
н CH3 
(2S ,3R)-2-chloro-3-methylpentane 
нс 
р 1 82 82 82 82/1974 4.2 
нс H 
(2R,3S)-2-chloro-3-methylpentane 
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li 82/1974 
HC H 
(28,3S)-2-chloro-3-methylpentane 


Cl СНз 1640/1974 | 83.1 


3-chloro-3--methyl pentane 


H Сне! 3 1 І 3 3/1974 


3-chloro-3--methylpentane 
Totals 14 1974 


10.49 (a) The primary alcohol would go exclusively through an $м2 mechanism. This 
secondary alcohol will undergo a mixture of Syl and Su2 substitution. However, 
formation a secondary carbocation is relatively slow, as is the Sn2 reaction 
compared to the primary alcohol. Thus, the primary alcohol will be the faster 
reaction. 


OH 
Non or PT 


(b) Tertiary alcohols undergo the fastest of Snl reactions through a tertiary carbocation, 
while a secondary alcohol is a relatively slow substrates for Sn2 because to the 
sterics of. Thus, the tertiary alcohol would bc expected to react faster. 


Се. Q 
OH 


(c) Tertiary alcohols undergo the fastest of S«1 reactions through a tertiary carbocation, 
while the primary alcohol of neopentyl alcohol is one for the slowest S2 substrates 
for substitution because to the sterics of the tert-butyl group. Thus, the tertiary 
alcohol would be expected to react faster. 


OH 
p i pam 
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10.50 
(a) 
CO;H 
COH B(OH): 
Pd{OAc)2 
+ ———— 
Br 
Catalytic cycle: COH 
Br 
СОН » 
* AcO 
СОН раодо), Асо. 
Pd 
| B(OH)2 
Ny Br 
p 
AcO" COH 
г + Br—B(OH) 
OAc 
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(b) 
CH30 CH30 
Pd(OAc)? 
+ м— —-- 
Вг (OH)2B 
ОСН; Осн» 
Catalytic cycle: COH 
Br 
* AcO 
AcO OCH3 
СНзО Pd(OA сы. 
3 ( С)2 j B(OH)2 
Br 
OCH; 
АсО” 
Pd + Br— B(OH} 
OCH3 OAc 
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Chapter 11 — Reactions of Alkyl Halides: Nucleophilic Substitutions and Eliminations 


Chapter Outline 


Substitution Reactions (Sections 11.1-11.6). 
А. 5к2 reactions (Sections 11.1—11.3). 

1. The discovery of 5х2 reactions (Section 11.1). 
Walden discovered that (+) malic acid and {—) malic acid could be interconverted 
(Section 11.1). 
This discovery meant that one or more reactions must have occurred with 
inversion of configuration at the chirality centcr. 
Nucleophilic substitution of tosylate ion by acetate ion occurs with inversion of 
configuration. 


a. 


b. 


i 


Nucleophilic substitution reactions of primary and secondary alkyl halides 
always proceed with inversion of configuration. 


2. The $м2 reaction (Section 11.2). 
a. Kinetics. 


1. 


ii. 


111. 


The kinetics of a reaction measure the relationship between reactant 
concentrations and product concentrations and the rate of reaction. 


In an Sn2 reaction, reaction rate depends on the concentration of both alkyl 
halide and nucleophile (bimolecular reaction). 


(a). This type of reaction is a second-order reaction. 
In a second-order reaction, rate = Ах [ВХ] x [Nu]. 
(a). The constant, А, is the rate constant. 


Mechanism. 


1. 
ii. 


111, 


iv. 


Vi. 


The reaction takes place in a single step, without intermediates. 

The nucleophile attacks the substrate from a direction directly oppositc to the 
leaving group. 

(a). This type of attack accounts for inversion of configuration. 

In the transition state, the new bond forms at the same time as the old bond 
breaks. 

Negative charge is shared between the attacking nucleophile and thc leaving 
group. 

[n the transition state, the three remaining bonds to carbon are in a planar 
arrangement. 

Both substrate and nucleophile are involved in the step whose rate is 
measured. 


3. Characteristics of the Sn2 reaction (Section 11.3). 


Changes in the energy levels of reactants or of the transition state affect the 
reaction rate. 


Changes in the substrate. 


a. 


b. 


i. 
ii. 


Reaction rate is decreased if the substrate is bulky. 
Substrates, in order of increasing reactivity: tertiary, neopentyl, secondary, 
primary, methyl. 
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iii. Sn” reactions can occur only at relatively unhindered sites. 
iv. Vinylic and aryl halides are unreactive to Sn2 substitutions. 
Changes in the nucleophite. 
1. Any species can act as a nucleophile if it has an unshared clectron pair. 
(a). If the nucleophile has a negative charge, the product is neutral. 
(a). If the nucleophile is neutral, the product is positively charged. 
ii. The reactivity of a nucleophile is dependent on reaction conditions. 
iii. In general, nucleophilicity parallels basicity. 
iv. Nucleophilicity increases going down a column of the periodic table. 
v. Negatively charged nucleophiles are usually more reactive than neutral 
nucleophiles. 
d. Changes in the lcaving group. 
i. In general, the best leaving groups are those that best stabilize negative 
charge. 
ii. Usually. the best leaving groups are the weakest bases. 
in. Good leaving groups lower the energy of the transition state. 
iv. Poor leaving groups include Е, НОГ. КО’, and HN . 
(a). Poor leaving groups can be converted to better leaving groups. 
e. Changes in the solvent. 
i. Polar, protic solvents slow Sn2 reactions by lowering the reactivity of the 
nucleophile. 
м. Polar, aprotic solvents raise the ground-state energy of the nucleophile and 
make it more reactive. 


С; 


Г Asummary: 

1. Steric hindrance in the substrate raises the energy of the transition state, 
increasing AG*, and decreasing the reaction rate. 

П. More reactive nucleophiles have a higher ground-state energy, decreasing 
AG}, and increasing the reaction rate. 

iii. Good leaving groups decrease the energy of the transition state, decreasing 
АСУ, and increasing the reaction rate, 

iv. Polar protic solvents solvate the nucleophile, lowering the ground-state 
energy, increasing AG!, and decreasing the reaction ratc. Polar aprotic 
solvents don't solvate the nucleophile, raising the ground-state energy, 
decreasing AG*, and increasing the reaction rate. 

B. Snl Reactions (Sections 11.4—11.5). 
1. The Syl reaction (Section 11.4). 

a. Under certain reaction conditions, tertiary halides are much more reactive than 
primary and methyl halides. 

i. These reactions must be occurring by a mechanism other than Sn2. 

b. Kinetics of the SN] reaction. 

1. The rate of reaction of a tertiary alkyl halide with water depends only on the 

concentration of the alkyl halide (unimolecular reaction). 
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ii. The reaction is a first order process, with reaction rate = $ x [RX]. 

iii. The rate expression shows that only RX is involved in the slowest, or 
ratelimiting, step, and the nucleophile is involved in a different, faster step. 

iv. The rate expression also shows that there must be at least two steps in the 
reaction. 

v. Inan Syl reaction, slow dissociation of the substrate is followed by rapid 
reaction with the nucleophile. 

c. Stereochemistry of Sn1 reactions. 


і. Ап Sxl reaction of an enantiomer produces racemic product because an 5к1 
reaction proceeds through a planar, achiral intermediate. 


и. Few Snl reactions proceed with complete racemization. 

ш. The ion pair formed by the leaving group and the carbocation sometimes 
shields one side of the carbocation from attack before the leaving group can 
diffuse away. 

2. Characteristics of the Snl reaction (Section 11.5). 
a. Asin Sn2 reactions, factors that lower AG? favor faster reactions. 
b. Changes ш the substrate. 

i The more stable the carbocation intermediate, the faster the Sn! reaction. 

ii. Substrates, in order of increasing reactivity: methyl, primary, secondary and 
allyl and benzyl, tertiary. 

iii. Allylic and benzylic substrates are also reactive in SN2 reactions. 

c. Changes т the leaving group. 
i. The best leaving groups are the conjugate bases of strong acids. 
ii. In Sn] reactions, water can act as a leaving group. 
d. Changes in the nucleophile have no effect on Sw] reactions. 
c. Changes in the solvent. 
i. Polar solvents (high dielectric constant) increase the rates of Sn! reactions. 


ii. Polar solvents stabilize the carbocation intermediate more than the reactants 
and lower AG?, 


iii. Polar solvents stabilize by orienting themselves around the carbocation, with 
electron-rich ends facing the positive charge. 


Г. A summary: 
i. The best substrates are those that form stable carbocations. 


ii. Good leaving groups lower the energy of the transition state lcading to 
carbocation formation and incrcase the reaction rate. 


iii. The nucleophile doesn't affect the reaction rate, but it must be nonbasic. 


iv. Polar solvents stabilize the carbocation intermediate and increase the reaction 
rate. 


C. Biological substitution reactions (Section 11.6). 
1. Both Snl and $м2 reactions occur often in biochemical pathways. 
2. In Sut reactions, the leaving group is often an organodiphosphate. 
3. Sx2 reactions are involved in biological methylations. 
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П. Elimination reactions (Sections 11.7-11.11). 
A. Introduction (Section 11.7). 


1. 


In addition to bringing about substitution, a basic nucleophile can also cause 
elimination of HX from an alkyl halide to form a carbon-carbon double bond. 


А mixture of double-bond products is usually formed, but the product with the more 
substituted double bond is the major product. 


a. This observation is the basis of Zaitsev's rule. 


Double-bond formation can occur by several mechanistic routes, but at this point, we 
will study only three mechanisms. 


B. The E2 reaction (Sections 11.8-11.9). 


General features (Section 11.8). 
а. An E2 reaction occurs when an alkyl halide ts treated with strong base. 
The reaction occurs in one step, without intermediates. 
E2 reactions follow second-order kinetics. 
E2 reactions show the deuterium isotope effect . 
i. Inareaction in which a С-Н bond is cleaved in the rate-limiting step, 
substitution of —D for —H results in a decrease in rate. 
i. Because this effect 1$ observed in E2 reactions, these reactions must involve 
C-H bond breaking in the rate-limiting step. 
e. E2reactions always occur with periplanar geometry. 
i. Periplanar geometry is required because of the need for overlap of the sp? 
orbitals of the reactant as they become z orbitals in the product. 
1. Anti periplanar geometry is preferred because it allows the substituents of the 
two carbons to assume a staggered relationship. 
iii. Syn periplanar geometry occurs only when anti periplanar gcometry isn't 
possible. 
f. The preference for anti periplanar geometry results in the formation of double 
bonds with specific E, Z configurations. 


£p gc 


2. Elimination reactions and cyclohexane conformations (Section 11.9). 


a. The chemistry of substituted cyclohexanes is controlled by their conformations. 

b. The preference for anti periplanar geometry for E2 reactions can be met only if 
the atoms to be eliminated have a trans-diaxial relationship. 

c. Neomenthyl chloride reacts 200x faster than menthyl chloride because the groups 
to be eliminated are trans diaxial in the most favorable conformation, and the 
Zaitsev product is formed. 

d. For menthyl chloride, reaction must proceed through a higher energy 
conformation, and non-Zaitsev product is formed. 


C. The El and ElcB reactions (Sections 11.10—11.11). 


1. 


An El reaction occurs when the intermediate carbocation of an $1 loses Н* to form 
a С=С bond. 

E] reactions usually occur in competition with Sn] reactions. 

El reactions show first-order kinetics. 
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4. There is no geometric requirement for the groups to be eliminated, and the most 
stable (Zaitsev) product is formed. 


D. The E1cB reaction (cB = conjugate base). 
1. The ElcB reaction takes place through a carbanion intermediate. 
2. The rate-limiting step involves base-induced abstraction of a proton. 
3. Often the leaving group is poor. 
4. Acarbonyl group stabilizes the anion. 
5. The EIcB is fairly common in biochemical pathways (Section 11.11). 
III. Summary of reactivity (Section 11.12). 
А. Primary halides. 
1. Su2 reaction is usually observed. 
2. El reaction occurs if a strong, bulky base is used. 
3. ElcB reaction occurs if the leaving group is two carbons away from a carbonyl 
group. 
B. Secondary halides. 
1. Su2 and E2 reactions occur in competition. 
2. Strong bases promote E2 elimination. 


3. Secondary halides (especially allylic and benzylic halides} can react Бу 5м1 and El 
routes if weakly basic nucleophiles and protic solvents are used. 


4. ElcB reaction occurs if the leaving group is two carbons away from a carbonyl 
group. 
C. Tertiary halides. 
1. Under basic conditions, E2 elimination is favored. 
2. Sul and El products are formed under nonbasic conditions. 
3. ElcB reaction occurs if the leaving group is two carbons away from a carbonyl 
group. 
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Solutions to Problems 


As described in Worked Example 11.1, identify the leaving group and the chirality 
center. Draw the product carbon skeleton, inverting the configuration at the chirality 
center, and replace the leaving group (bromide) with the nucleophilic reactant (acetate). 


Q 
О il 
Br. H ] н OCCHg 


-—Ó 0 =н — 1 
————— JH 
S Ro 


Use the suggestions in the previous problem to draw the correct product. 


С. =, CH 
t —2 Se ES { Y 15 3 €" LL 
НО: СВ —> HO —C -. + В: 
x HAR UH " 
CHəCH3 CH2CH3 
H СН. Br. H H CH, H SH 
= ; Y; Y; Y; 
HS * С С — С С + Br 
нас” 7675 сн; нс“ “CR “CHa 
HH HH 


All of the nucleophiles in this problem are relatively reactive. See Table 11.1. 

(a CH3sCH2CH2CHoBr + Nal ——— CH:CH:CH2:CH21 + NaBr 

(b CH3CH2CH2CH2Br + КОН t—— > CH3CH2CH2CH20H + KBr 

(с) CH3CH2CH2CH2Br + HC=C” Ш ————› CH3sCH2CH2CH2C=CH + LiBr 
(d) CH3sCH2CH2CH2Br + NH; ————> CH;CH2CH2CH2NH3 * Br 


(а) (CH3)2N is more nucleophilic because it is more basic than (CH3)2NH and because 
a negatively charged nucleophile is more nucleophilic than a neutral nucleophile. 

(b) (CH3)N is more nucleophilic than (CH3)3B. (CH3)sB is non-nucleophilic because it 
has no lone electron pair. 

(c) Н25 is more nucleophilic than H20 because nucleophilicity increases in going down 
a column of the periodic table. 


In this problem, we are comparing two effects - the effect of the substrate and the effect 
of the leaving group. Tertiary substrates are less reactive than secondary substrates, 
which are less rcactive than primary substrates. 
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Least reactive » Most reactive 
(CH3)sCCl < (CH3pCHCI < CHBr < CHsOTos 

tertiary secondary good excellent 
carbon carbon leaving leaving 


group group 


Reaction progress — —— 


Polar protic solvents (curve 1) stabilize the charged transition state by solvation and also 
stabilize the nucleophile by hydrogen bonding. 


Polar aprotic solvents (curve 2) stabilize the charged transition state by salvation, but do 
not hydrogen-bond to the nucleophile. Since the energy level of the nucleophile is higher, 
AG? is smaller and the reaction is faster in polar aprotic solvents than in polar protic 
solvents. 


Nonpolar solvents (curve 3) stabilize neither the nucleophile nor the transition state. AG! 
is therefore higher in nonpolar solvents than in polar solvents, and the reaction rate is 
slower. Benzene, ether, and chloroform are in this category. 


CHa(CHo)g cH, CH3 О 


, | в C— 0CCH4 
!CHalCH2)4G / 
CHs(CHo)g Hes | alCHa)a «сн: | @ 00 CH5CH3 
gore. = C+ i + 
/ i | | 
CHCH ; | 
aes + Ci ChaCha | 9 НЗС ,CHa(CH2)3CHa 
CH3CO —C 
RA 
CH5CH3 


In this S41 reaction, attack by acetate can occur on either side of the planar, achiral 
carbocation intermediate, resulting in a mixture of both the А and 5 enantiomeric 
acetates. The ratio of enantiomers 1s probably close to 50:50. 
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11.9 If reaction had proceeded with complete inversion, the product would have had a specific 
rotation of +53.6°. If complete racemization had occurred, [a]p would have been zero. 
5.3? 
+53.6° 
was inverted. The remaining 90.1% of the product must have been racemized. 


The observed rotation was +5.3°. Since = 0.099, 9.9% of the original tosylate 


11.10 The S substrate reacts with water to form a mixture of R and S alcohols. The ratio of 
enantiomers is close to 50:50. 


в СНз HQ СН нас, Он 


с. 
5 ^ CHCH; _ сньснь E 7 CH5CH5 
Bic 


11.11 Sul reactivity is related to carbocation stability. Thus, substrates that form the most 
stable carbocations are the most reactive in Snl reactions. 


Least reactive |= = Most reactive 
T ar 
HoC = СНВг << CH3CHoBr < CHgCHCHs < H5C =CHCHCH, 


vinylic primary secondary allylic 
11.12 
Br 
| -Br ? + + 1 В 
CH3CHCH =CH, == CHaCHCH= Сн == CH4CH = нон === = CHCH =CHCH3Br 


The two bromobutenes form the same allylic carbocation in the rate-limiting step. 


11.13 Both substrates have allylic groups and might react either by an Sn1 or an Sx2 route. The 
reaction mechanism is determined by the leaving group, the solvent, or the nucleophile. 


(a) This reaction probably occurs by an 5м1 mechanism. НСІ converts the poor -OH 
leaving group into an excellent -OH»* leaving group, and the polar solvent 
stabilizes the carbocation intermediate. 


(b) This reaction takes place with a negatively charged nucleophile in a polar, aprotic 
solvent. It is very likely that the reaction occurs by an Su2 mechanism. 


11.14 Redraw linalyl diphosphate so that has the same orientation as limonene. 


OPP OPP 
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After dissociation of PPi, the cation cyclizes by attack of the double bond л electrons. 
Removal of an -H by base yields limonene. 


vos m 


Linaly! diphosphate 


WX — 


Limonene 


11.15 Form the double bond by removing HX from the alkyl halide reactant in as many ways as 
possible. The major elimination product in each case has the most substituted double 
bond (Zaitsev's rule). 


(a) 
iu (Ha (нз На 
В 
CH3CH»CHCHCH, 28. CH3CH;CH-—CCH4 + CH3CH=CHCHCH; 
major minor 
{trisubstituted double bond) — (disubstituted double bond) 
(b) 
Сз Cl Hg CH, CHs сн CHa 
CHSCHCH;C — CHCHs Base. CHSCHCH;C—CCHs + CHSCHCH = COHCH; 
СНз СНз CH3 
major minor 
(tetrasubstituted double bond) {trisubstituted double bond) 
үз p 
+ СН ЗОНЫ CHOH; 
CH» 
minor 
ichsubstituted double bond) 
(с) 
ШЇ 
(уак GP ES (у + ( уа 


major minor 
(trisubstituted double bond) {monosubstituted double bond) 
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11.16 For maximum yield, the alkyl halide reactant should not give a mixture of products on 


elimination. 
(a) 
CH3 СН» Єна нз 
CH4CHCH5CH CHCH CH5Br Lic РЕ CH4CHCH4CH5CHCHACH — CH 
3 25770 2*2 CH3CH2OH 3 2-2 2 2 
The 2-bromo isomer yields a mixture of alkene products. 
(b) 
CH3 CH3 
KOH 
Br ——————— € 
CH3CH,OH 
CH3 CH; 


11.17 Draw the reactant with correct stereochemistry. 


T 


Pha | Вг 


o 


Rig ( LR R)-1.2-Dibromo- | 2-diphenyfethane 
Br” | Ph 


I --O 


Convert this drawing into a Newman projection, and draw the conformation having anti 
periplanar geometry (staggered) for -H and —Br. 


Br 
TIEN B Ph Ph Br 


H H 
H 


The alkene resulting from E2 elimination is (Z)-1-bromo-1,2-diphenylethylene. 
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As in the previous problem, draw the structure, convert it to a Newman projection, and 
rotate the groups so that the Н and -Br to be eliminated have an anti periplanar 
(staggered) relationship. 


Br Br 
HBr НН 
3, Y H CHsCHs CHaCH> CH3 
C 
4. H3C H H3C H 
Нас H CH3 H 


The major product is (Z)-3-methyl-2-pentene. A small amount of 3-methyl-1-pentene is 
also formed. 


Н.С CH5CH 
3” ; 2? 8З 


HaCHo CH eS 
CHsCHo $ — с=с (Z}-3-Methyl-2-pentene 
HaC H 4 : 


Br 


Br 
(CH3)4C Wisi a (CH3)4C 


trans cis H 


The more stable conformations of each of the two isomers are pictured above; the larger 
tert-butyl group is always equatorial in the more stable conformation. The cis isomer 
reacts faster under E2 conditions because -Br and —H are in the anti periplanar 
arrangement that favors E2 elimination. 


(a) 
CHaCH3CHaCHSBr + Ма ————  CH4CH5CH3CHNs 
primary substitution product 
The reaction occurs by an Sn2 mechanism because the substrate is primary, the 
nucleophile 1s nonbasic, and Фе product is a substitution product. 
(b) 


CI 
| 


CH3CH2CHCH>CH3 + KOH ж CH3CH»CH=CHCH3 
secondary strong base elimination product 


This is an E2 reaction since a secondary halide reacts with a strong base to yield an 
elimination product. 
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T 
ci OCCHs 
+ CH3CO>5H SS 
CHa CH 


tertiary substitution product 


(c) 


This is an Snt reaction. Tertiary substrates form substitution products only by the 
Snl route. 


(d) 


| iS | 
NaOH 
Ж "ethanol 
OH 2 


This is an ElcB reaction because the leaving group is two carbons away from a 
carbonyl group. 


Visualizing Chemistry 


11.21 (а) (i)  CH:CH;CI + Nat “SCH; ————> CHiCH2SCH: + NaCl 
(ii) CHsCH2Cl+ Na" OH — СН:СНОН + NaCl 


Both reactions yield $м2 substitution products because the substrate is primary and 
both nucleophiles are strong. 


(b) 
(1) CI Н.С CH5CH 
| 3 \ LE SLE 
снзсснгсна + Ма“ “SCH; — —€ C=CHCH3 + НСС 
CH3 Нас major minor СНз 
T + HSCH, + NaCl 
| ra Нас, JCHoCHg 
CHJ CHooHs + Ма он ———- (C= CHCH, + њс=с 
CH, HaC — major minor СНз 


+ НО + Мас 
The substrate is tertiary, and the nucleophiles are basic. Two elimination products are 


expected; the major product has the more substituted double bond, in accordance with 
Zaitsev's rule. 
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11.22 


11.23 


11.24 


Chapter 11 
(c) 
u) 

С! 

жое SCHs 
+ Ма SCH, ——- + Мас 

(an) 

С! 


+ HO + NaCl 


In (1), the secondary substrate reacts with the good, but weakly basic, nucleophile to 
yield substitution product. In (11), NaOH ts a poorer nucleophile but a stronger base, 
and both substitution and elimination product are formed. 


Q 
а СНз T 


Reaction of the secondary bromide with the weakly basic acetate nucleophile occurs by 
an Sn2 route, with inversion of configuration, to produce the R acetate. 


CHa НН CH, HH 
li Vv || Н 
С С С С 
ANULUM + МСМ — —- PALMAE * NaCl 
H3C S F СНОН HaC R dt СНОН 
НС NC H 


The S substrate has a secondary allylic chloride group and a primary hydroxyl group. Sn2 
reaction occurs at the secondary carbon to give the R cyano product because hydroxide is 
à poor leaving group. 


H Cl HCl a 
\, lg ue 


Нас. CS CHSCHS __ CHsCHa 20 
я С "UE. NaOH _ 
CHa4CH» Н H СН; m 


Rotate the left side of the molecule so that the groups to be eliminated have an anti 
periplanar relationship. The double bond in the product has the £ configuration. 
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Mechanism Problems 


11.25 The mechanism for each problem is Sn2. 
(a) The electrophile is a 1? alkyl halide reacting with a good nucleophile. 


CHaCH2CH20Ts * NaBr МЕ CH34CH;CHoBr ES Na 


Mechanism: Na Br снзснә©н;-СОт» 


(b) The electrophile is а 1? alkyl halide reacting with a good nucleophile. 


* =}; — : 
ЕИ CH3C=C Li THF С + Li 
+ EE 
Li CH3C——C: 
Mechanism: UN 
AZ 
Br 


(c) The electrophile is a 1? alkyl halide reacting with a good nucleophile. 


- KCN ——— + K 


Mechanism: | 


(d) The electrophile is а 2? alkyl halide reacting with a good nucleophile. 


H “СНз 


S -+ T 
(X * CH3S Na E das um 


Mechanism: 


+ 
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11.26 Each mechanism goes through an Su1 mechanism. In each case there is opportunity to 


form a carbocation prior to substitution. 
(a) Formation of a tertiary carbocation 


OH Bi ci 
њо 


+ É 
Я 5 == Сен, Ci м + £ с> 
Mechanism: ae a Но 


(b) Formation a resonance stabilized carbocation 
с сн»СО;Ма O2CCH3 
ee CH4CO;H n 


а) снегу , 
Mechanism: "d Hn " Cl 
к Зы „А 


(c) Use ofa poor nucleophilic polar, protic solvent (note that the product is wrong т 


the for text file!) 


Mechanism: 


CHOH: „7 
11.27 In each case the mechanism is E1 because a carbocation can be formed before the proton 
is removed. 
(a) 
OH H;SO. 
? Rss EX 
Mechanism: maor minar 


“HR 
SORT ot. (ӧн Hó ү 


OH 


— e т OK 
ОСН OCH; 
н} 
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(b) 
cl CH3CO2Na 
ЪымМ— _———=— 
Е CH3CO2H ео 
Mechanism: 


CH3CO5 


Cr : 
м : та — e “еы 
H2 


(c) 
CHa CHa CH; Сн; 
Н:50; A 
OH — D! 
d e: з 2 4 c. H3 d 3 
H H 


CHa H 
major minor trace 
Mechanism: 
CH; 4/88 
Нз нго \ 
И АН з 
ӧн © Ї f. ^P P ids Con 
CH; LESS — OH; — or 
CHs сн сн 9 » 
H OH ns 3 Zu CH3 
н HSO, ~~ H20 
н›б | а H 


11.28 Each mechanism is an E2 elimination. 
(a) E2involving a strong base and a secondary alkyl halide. The E2 mechanism 
requires the leaving group and H to be removed to be antiperiplanar to one another. 
In the chair conformation that means that the leaving group and the proton must be 
axial. Only the less substituted product is formed because only the bold proton is 
antiperiplanar to the CI. 


СНзОМа 
———— 
э. CH3OH " 
СНз “CHa 
Mechanism: 
СІ 
н______, 74 == 
EN -7™H TI. 
СНз CH;0 CH CH; CH3 


(b) E2 involving a strong, bulky base and a primary alkyl halide 
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(CH3);COK 
в ELI 
THF 


Mechanism: 


JH Q 
(СНз)зСО В ——» Bd 


(c) E2involving a strong base and a secondary alkyl halide 


CH3ONa 
OTs —— 
CH30H | 
Mechanism: 
(ots 
| 
CH30 


11.29 Each mechanism is Elcs. In each case there is an OH f to (two carbons from) the 
carbonyl in the presence of a strong base. 


(a) 
OH о CH3ONa о 
oe ada CH30H ae ee 
Mechanism: 
OH os OH 9 Он О 
9 Ni ЕЕ 2S 2—— 45 ee 
C 
i H4OH 
CH30 eee 
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(b) 
OH 
CH3 Маон 
ooo 
H;O 
О 
Mechanism: 
OH 
H (oH 
CH; 
CH3 
ye CH3 њо 
OH |. / . ..& MEETS 
о e о 
(с) 
О ОН О 
CH30Na 
H CH3QH H 2 
Mechanism: 
о H Oo OH 
c2 OH < é 
ye Oo — ve 
H H 
H^ 
ОСН: HOCH; 


11.30 (a) In this reaction a B-hydroxyketone react with a strong base. These arc the conditions 
necessary for an Eleg mechanism. 


OH о Q 
* NaOH ————- 
но 


(b) In this reaction a primary alkyl halide reacts with а good nucleophile. These are the 
conditions necessary for an $542 mechanism. 


ONa OCH2CH3 
+ CHsCHol —— 
DMF 
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(c) In this reaction a tertiary alkyl halide reacts with a poor nucleophile which is a polar 
protic solvent. These are the conditions that favor for an Sul mechanism. 


ae > x 
ў + CHOH $ 3 
ч. + 


(d) In this reaction a tertiary alkyl halidc reacts with a strong Бас. These are the 
conditions that favor for an E2 mechanism. Even though a tertiary alkyl halide and 
a polar protic solvent are present, the strong base results elimination must faster 
than the formation of a carbocation. 


Br 
* — CH3CH,ONa + 
а а CH4CH;OH 


11.31 
HO B HO H us 
\ 1 | rotate i ‚СНз Кошо around the С-С 
PRE = am 2 — С ie : ty E 
реге, me НР Man 
HaC H HaC е аа 
HO: B" " m 
H—O: H :Qt 7. Н 
© recs WE as A 
“uo ER e — = .C-— 
HO CN. TUTO ge c Hz oH 
H3C Br Нс вг i НС Ha 
removal + НО Sy2displacement + Br 
of proton of -Br- by -O- 


This reaction is an intramolecular Sn2 displacement. 


11.32 The first step in an Sx! displacement is dissociation of the substrate to form a planar, sp?- 
hybridized carbocation and a leaving group. The carbocation that would form from 
dissociation of this alkyl halide can't become planar because of the rigid structure of the 
ring skeleton. Because it's not possible to form the necessary carbocation, an Sn1 
reaction can’t occur, In addition, approach by a nucleophile from the back side of the 
alkyl halide is blocked by the rigid ring system, and Sn2 displacement can't take place 
either. 
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11.33 Step 1: NAD" oxidizes an alcohol to a ketone. 


н мнз" н м 
P PRE ce 
$ CO, + МАБН 
' Adenine Adenine 


Tr 
т H— O: OH О OH 


/ 
[] 
M 


:Base S-Adenoss Jhomocystvine 


Step 2: — Base brings about an E1cB elimination reaction that has homocysteine as the 
leaving group. 


H NUS 
C 
Н—А X мнз? 


EUM vsteine 


Aue "ri. терте 
о-н 
a 
S 
11.34 
Е H4C CH 
еа rs - 
Soo ——  :N=c—c.- 
ore iN=C—C-. + d 
H ~: H 
Formal charge = —[ 
Нас i CH 
-.С=М: i Y D { 3 
.-С—] —— С=мМ--С-. t ] 
Hos i А А vH 
i | H 


Formal charge = +4 


S42 attack by the lone pair electrons associated with carbon gives the nitrile product. 
Attack by the lone pair electrons associated with nitrogen yields the isonitrile product. 
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11.35 


Вахе removes a proton. 
yielding an EleB carb- 
anion intermediate. | 


Arginine. the protonated 
leaving group, departs, 
forming fumarate. 


оС т 
» dC 

: | 

H 


+ 
н мнз 


Arginine Fumarate 


11.36 The two pieces of evidence indicate that the reaction proceeds by ап Sn2 mechanism: Sn2 
reactions proceed much faster in polar aprotic solvents such as DMF, and methyl esters 
react faster than ethyl esters. This reaction is an Sn2 displacement on a methyl ester Бу 


iodide ion. 
xu MOM О: “Суз 
1:5 l 5- ге | 
E os С ea “ч m p 
“снз— 07 Снр о“ —-:0^7 У 
4 + 
i ICH3 Fd 


Other experiments can provide additional evidence for an SN2 mechanism. We сап 
determine if the reaction is second-order by varying the concentration of Lil. We can also 
vary the type of nucleophile to distinguish an $м2 mechanism from an Sw] mechanism, 
which does not depend on the identity of the nuclcophile. 
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11.37 
Br H Ho our но H 
А асе” *Y . ue М "n vie 
рер NaOH p db xs БТВ 228 
Д |] j i |] 
© О MES о 
HO 
NM но" 
HO H 
4 ибн 
il 
о 


Two inversions of configuration equal a net retention of configuration. 


11.38 

О | H / | 
Наб, нз i CF4CO;H — | P d eor 
C — CF4COS + Cy | 

нас” а” ^w EE E 372 нас” М ^w 
H | н; 

2: 
CF3COoH + Base: TUN, Е 
H OH 

HaC, = Е x | "p 

» = м 
с= сн» HaC a CHo О 2 М | 
/ i Pa C * | j 
HC | H3C H | 


Step1: Protonation. 
Step 2: Elimination of leaving group. 
Step 3: — Removal of proton by base. 


This reaction proceeds by an E1 mechanism. 
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Additional Problems 
Nucleophilic Substitution Reactions 


11.39 


Mi ast reactive — a Т ә Least reactive 


Gs i i 
CHgCH2CHyCHpBr >  CHSCHCHoBr > CH3CHCHCH3 > CHgCCHs 
СНз 
1 -Bromobutane t -Bromo-2- 2-Bromobutane 2-Bromo-2- 
methylpropane methylpropane 


11.40 An alcohol is converted to an ether by two different routes in this series of reactions. The 


two resulting ethers have identical structural formulas but differ in the sign of specific 
rotation. Therefore, at some step or steps in these reaction sequences, inversion of 
configuration at the chiral carbon must have occurred. Let’s study each step of the series 
to find where inversion is occurring. 


OH (3) OTos 
| TosCI | 
CH4CHCH; — —- | CH4CHCH; 
[мо = +3309 lap = +31.1° 
(D | K ol CH4CH5OH. heat 


OCH5CHa 


| СИЗСНСН» - \ CH3CHCH> 
| l 


lul = -19.9° 
(2) | CHscHoBr 


QCHaCH; 
CH3CHCH; 


оу = -23.5* 


In step 1, the alcohol reacts with potassium metal to produce a potassium alkoxide. Since 
the bond between carbon and oxygen has not been broken, no inversion occurs in this 
step. 

The potassium alkoxide acts as a nucleophile in the Su2 displacement on CH3CH2Br in 
step 2. It is the C-Br bond of bromocthane, however, not the C—O bond of the alkoxide 
that is broken. No inversion at the carbon chirality center occurs in step 2. 
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The starting alcohol reacts with tosyl chloride in step 3. Again, because the О-Н bond, 
rather than the С-О bond, of the alcohol is broken, no inversion occurs at this step. 


Inversion must therefore occur at step 4 when the OTos group is displaced by 
CH3CH20H. The C-O bond of the tosylate (-OTos) is broken, and a new C—O bond is 
formed. 

Notice the specific rotations of the two enantiomeric products. The product of steps 1 and 
2 should be enantiomerically pure because neither reaction has affected the С-О bond. 
Reaction 4 proceeds with some racemization at the chirality center to give a smaller 
absolute value of [a]p. 


11.41 (a) СН reacts faster than CH3Br because Г is a better leaving group than Вг. 

(b) CHSsCHbl reacts faster with ОНГ in dimethylsulfoxide (DMSO) than in ethanol. 
Ethanol, a protic solvent, hydrogen-bonds with hydroxide ion and decreases its 
reactivity. 

(c) Under the Sn2 conditions of this reaction, CH3Cl reacts faster than (CH3)3CC1. 
Approach of the nucleophile to the bulky (CH3)3CC1 molecule is hindered. 


(d) H2C=CHCH2Br reacts faster because vinylic halides such as H2C-CHBr are 
unreactive to substitution reactions. 


11.42 To predict nucleophilicity, remember these guidelines: 

(1) Incomparing nucleophiles that have the same attacking atom, nucleophilicity 
parallels basicity. In other words, a more basic nucleophile is a more effective 
nucleophile. 

(2) Nucleophilicity increases in going down a column of the periodic table. 

(3) А negatively charged nucleophile is usually more reactive than a neutral 


nucleophile. 
More Nucleophilic Less Nucleophilic Reason 
(a) “NH? NH3 Rule 1 or 3 
(b) CH3CO2- Но Rule 1 or 3 
(c) Е BF? BF; is not a 
nucleophile 
(d) (СНз)зР (CH3)3N Rule 2 
(e) Г СГ Вше2 
(f СЕМ ~OCH3 Reactivity chart, 


Section 11.3 
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11.43 


11.44 


11.45 


11.46 


Chapter 11 


Jis li 
CHaCHsCHCHsl + “CN ———— CH3CH»CHCHsCN + Г 
primary halide 
This is an Sn2 reaction, whose rate depends on the concentration of both alkyl halide and 
nucleophile. Rate = $ x [RX] x [Nu: ] 
(a) Halving the concentration of cyanide ion and doubling the concentration of alkyl 
halide doesn't change the reaction rate. The two effects cancel. 


(b) Tripling the concentrations of both cyanide ion and alkyl halide causes а ninefold 
increase in reaction rate. 


qs j^ 
CHsCH;CCHg + CH3CHOH — — CH;CH;CCHg + HI 

1 ОСН2СНз 
tertiary halide 


This is an Snl reaction, whose rate depends only on the concentration of 2-iodo-2- 
methylbutane. Rate = Ах [RX]. 


(a) Trplig the concentration of alkyl halide triples the rate of reaction. 


(b) Halving the concentration of ethanol by dilution with diethyl ether reduces the 
polarity of the solvent and decreases the rate. 


(a СНзВг+ Na* “C=CCH(CH3)2 —————9 CH3CESCCH(CH:): + NaBr 

Not СНзСЕС` Ма’ + BrCH(CH3y. The strong base CHsC=C brings about 

elimination, producing CH3C=CH and H2C=CHCHs. 
(b) 

НаС —Br + “O—C(CH3)3 ——— НС —– О — CCHa) + NaBr 
OF 
(Сна) ССІ + CHOH ———» (CH3)3C—O—CH + На + (CHg),C=CH, 
(major) (minor) 


(c) CHsCH2CH2CH2Br + NaCN ——————9 CH3;CH?CH;CH?CN + NaBr 
(d) CH3CHoCH3àBr + excess NH: ————— CH3CH2CH2NH2 + МНА ВГ 


major 


(a) The difference in this pair of reactions is in the leaving group. Since OTos is a 
better leaving group than Cl (see Section 11.5}. $м2 displacement by iodide on 
CH3-OTos proceeds faster. 


(b) The substrates in these two reactions are different. Bromoethane is a primary 
bromoalkane, and bromocyclohexane is a secondary hromoalkane. Since 
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Snx2reactions proceed faster at primary than at secondary carbon atoms, Sn2 
displacement on bromoethane is a faster reaction. 


(c) Ethoxide ion and cyanide ion are different nucleophiles. Since СМ is more reactive 
than CH3CH20 in $м2 reactions, Sx2 displacement on 2-bromopropane by СМ 
proceeds at a faster rate. 


(d) The solvent in each reaction is different. The $м2 reaction on bromoethane in polar, 
aprotic acetonitrile proceeds faster than the reaction in nonpolar benzene. 


11.47 (R)-2-Bromooctane is a secondary bromoalkane, which undergoes Sn2 substitution. Since 
Sn2 reactions proceed with inversion of configuration, the configuration at the carbon 
chirality center is inverted. (This does not necessarily mean that all А isomers become 5 
isomers after an Sn2 reaction. The R,S designation refers to the priorities of groups, 
which may change when the nucleophile is varied.) 


"NL " он 

змы ` у 3 ПЕ 

№: + Q—Br = Nu ao + Br 
Coty, CgH43 


(R)-2-Bromooctane 


Nucleophile Product 


{а} H 
ct „СН 
СМ NC —C " 


CgH13 
(b) 


3 CH3CO, — 
CH3CO, g002—C, 


(c) 


СНз CH38 —C, 


11.48 After 50% of the starting material has reacted, the reaction mixture consists of 50% (/)- 
2-bromooctane and 50% (S)-2-bromooctane. At this point, the А starting material is 
completely racemized. 


H H 
H Ces R S „СН 
В’ + А C—Br к= Вг—С, н + Br^ 
СвН1з CgH15 
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Elimination Reactions 


11.49 


11.50 


(а) 
Вг 
| — CHaCHo Н HaC, я Нз, нз 
CH3CHoCHCH; ——— с=с + б=с + с=с 
H H H CH; H - 
(b H2C=CHBr, like other vinylic organohalides, does not undergo nucleophilic 
substitutions. 
Ns 
Tring 
Пр CH5CH; 


CH2CH3 


This alkyl halide gives the less substituted cycloalkene (non-Zaitsev product). 
Elimination to form the Zaitsev product does not occur because the —C] and -H involved 
cannot assume the anti periplanar geometry preferred for E2 elimination. 


ge 


(d) (CH3)3C — OH + НО (СН) С — С! + H20 


Because 1-bromopropane is a primary haloalkane, the reaction proceeds by either a Sn2 
or E2 mechanism, depending on the basicity and the amount of steric hindrance in the 
nucleophile. 


(a) CHiCHoCHBr + NaNH? ————> CH3CH2CH2NH? + NaBr 
Propene (elimination product) is also formed because NaNH» is a strong base. 


(b  CHCHECCHoBr + K. OC(CH3); ———— СНзСН=СН? + HOC(CH:): + KBr 
+ CH3CH2CH20C(CH3)3 


K" OC(CH3) is a strong, bulky base that brings about elimination as well as some 
substitution. 


(c) CH3CH2CH2Br + Nal —————> СНзСН2СНЛ + NaBr 
(d) CH3CH2CH2Br + NaCN ——————5 CH3CH2CH?CN + NaBr 
(e) CH3CH2CH2Br + Na* С=СН ————— CH3CH2CH2C=CH + NaBr 


H0O 
(f) CH4CH5CH3Br QU... CH4CH5CH^2MgBr —— CH4CH^5CH5 
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11.51 
С Ci 
H Ph Ph » 
H Ph H Ph 
H H 
А В 


Both Newman projections place -H and —Cl in the correct anti pcriplanar geometry for 
E2 elimination. 


ô- é- 
С! Ci 
: Ph. „Н 
H-— Ph РА XH r 
H Ph Soom С 
З „б< 
Е H Fh 
H H 
' mans- | 2-Diphenylethylene 
OCH, OCH. 
ô- ò- 
А: B- 


Either transition state Af or В: can form when 1-chloro-1,2-diphenylethane undergoes E2 
elimination. Crowding of the two large phenyl groups in A* makes this transition state 
(and the product resulting from it) of higher energy than transition state B. Formation of 
the product from В“ is therefore favored, and trans- 1,2-diphenylethylene is the major 


product. 
11.52 
HaC CH3 Нас CH; 
|. | НОАс \ / 
СНаСНСВг ~> С=С 
| heat / N 
CH5CH; H3C CH2CH3 


The alkene shown above has the most highly substituted double bond, and, according to 
Zaitsev's rulc, is the major product. The following minor products may also form. 


ik ik P 
CHCH Н CHaCh /СНз CHCH Н 
£76, вес с=с 
HaC СНз HaC H CHCH Н 
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11.53 
Ci Cl H Cl H Cl 
CI Ci " Ci C] а С] 
H Cl H Ci H 
Ci С! CI Cl H Ci 
н H н H н H 
H 1 H H 2 H ^ E H 
H С! H el H CI 
H 2 н С 
Cl H Cl H 
Cl Cl Cl H Сі 
MEL H d uH 
H 4 H H 5 Cl а 6 H 
H Cl H H 
а © "Ee 
H H Cl CI 
н Ч с H 
c 7 Cl H 8 H 


Diastereomer 5 reacts much more slowly than other isomers in an E2 reaction because no 
pair of hydrogen and chlorine atoms can adopt the anti periplanar orientation preferred 
for E2 elimination. 


General Problems 


11.54 (a) Substitution does not take place with secondary alkyl halides when a strong, bulky 
base is used. Elimination occurs instead and produces Н2С=СНСН2СН: and 
СНзСН=СНСН.. 


(b) Fluoroalkanes don’t undergo Sn2 reactions because Е is a poor leaving group. 


(c) SOCb in pyridine converts primary and secondary alcohols to chlorides by an Sn2 
mechanism. 1-Methyl-1-cyclohexanol is a tertiary alcohol and does not undergo 
$м2 substitution. Instead, E2 elimination occurs to give 1-methylcyclohexene. 


11.55 (a) 


primary secondary secondary 
with resonance 
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(b) 
pu puru + 
+ < < 


primary secondary tertiary 
(с) 
+ 
< < 
oe “ Y E X 
primary secondary tertiary 


with resonance 


11.56 Snl reactivity: 
Least reactive —————— Most reactive 


(a) №2 (Hs HaC, CH3 
CH3CHəCHCH3 < HaC—C —@ < Ca à 
CH3 


most stable carbocation 


(Б) (CH34COH « (CH3)4CCI < (CHa)4CBr 
best leaving group 


(c) Br 
CHBr CHCH; 


most. stable carbocation 
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11.57 Sw2 reactivity: 
Least reactive ————————————— Most reactive 


(a) cha là 
aere С < | CHaCHCHCH3 < СНнзСНЬ›СНЬС! 
CH3 primary substrate 
(b) CH СНз нз 


нС—с—Снәвг < СНУСНсНсН, < — CH;CHCHjBr 
CH3 Br feast sterically 
hindered substrate 


(с) CHCH CHOCH} < CH3CH3CH,Br < CHCH CH OTos 
best leaving group 


11.58 (a) The product of this Sn2 reaction (2° alkyl halide, good nucleophile) is achiral (no 
chiral centers). Therefore, it will not rotate plane polarized light. 


OTs ANN 
KCN “ 


DMSO 
CH4 CH3 


(b) This is an E2 reaction (3? alkyl halide, strong base) and the product achiral (no 
chiral centers). Therefore, it will not rotate plane polarized light. 


н CH, СНз 
" CHO" Na* 
3 CH3 Su CH3 
CH4OH 
CH3 CH3 CH3 


(c) This is an Snl reaction (3° alkyl halide, polar protic solvent/nucleophile) and results 
in a pair of diastereomers. Therefore, the product mixture will rotate plane 
polarized light. 


—— Jie 
CH30H 


CH; 
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11.59 According to Cahn-Ingold-Prelog mles (Section 5.5), the nucleophile (-СМ) has a lower 
priority than the leaving group (-OTos). Thus, even though the reaction proceeds with 
inversion of configuration, the priorities of the substituents also change, and the 
configuration remains S. 


4 1 2 4 
Н OTos NC H 
Хы NaCN 
S "EREMO 5 
- м “a 
HaC сносна ВЕС: ` CH20CHa 
3 2 3 1 
11.60 
о: OCH 
+ CHal —> Y * 
This is an excellent method of ether preparation because iodomethane is very reactive in 
$42 displacements. 
1 OCH 
+ снг ——» Cy: @ + pio 
Reaction of a secondary haloalkane with a basic nucleophile yields both substitution and 
elimination products. This is a less satisfactory method of ether preparation. 
11.61 
R CH; I 
Н с=с CH, _Br 406 can NaOH "mo 
Hg H20 н \ Ethanol н.с“ bora 
H3C Br 3 
+ B^ 
11.62 Draw 4-bromo-1-butanol in an orientation that resembles the product. 
сн» CH. CH3 
нс Сн нс“ Сен, нс“ “Сн 
| 4 = |н а SE нс / 
Р ое e 0 —Q: 
E "Be 7 Н Он; i Bn 2 = 
Py oc y wm be мс 
+ HOCH, + в 


Tetrahydrofuran 
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11.63 


11.64 


11.65 


Chapter 11 


Step 1: — Methoxide removes а proton from the hydroxyl group of 4-bromo-1-butanol. 
Step 2: 5$м2 displacement of Br~ by O^ yields the cyclic ether tetrahydrofuran (THF). 


In a molecule containing a double bond, all atoms bonded to the 5р? carbons must lie in a 
common plane. For this compound, planar geometry at the “bridgehead” of the ring 
system is not possible because the rigid ring framework won't allow it. Thus, E2 
elimination does not take place because the product containing a bridgehead double bond 
can't form. 


М НЕС OTos Ph ү H 
H3C ее Pho CHa CH3 
5 шз = } 
Р”? CH 59 Н 
| H 
H H H 


Draw a Newman projection of the tosylate of (28,35)-3-phenyl-2-butanol, and rotate the 
projection until the -OTos and the -H on the adjoining carbon atom are anti periplanar. 
Even though this conformation has several gauche interactions, it is the only 
conformation in which -ОТоѕ and —Н are 180? apart. 


B | i 
OTos | 
OTos я | 
РН . : НАС H 
На cet Ph CH3; ыа 
^ Нас H | | 
НС H i С 
z | : | Ph” `Ch 
H ; H | (Z)-2- PhenyL-2-hbutenc 
| OEt | 
Low 


Elimination yields the Z isomer of 2-phenyl-2-butene. 


Using the same argument from the previous problem, vou can show that elimination from 
the tosylate of (2R,3R)-3-phenyl-2-butanol gives the £-alkene. 


H 
a C OTos Н.С OTos 
R = "a \ 
H3C S “Ph НС H 
H H 
H H 
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і ё. » 
| OTos 
OTos : . 
Ке | HC „н 
3 OEt : HaC KO > 
r : HaC H G 
H 
HaC l : НС” Ph 
2 H (E)-2-Phenyl-2-butene 
ОЕ! 
à 


11.66 


н (C H № Bra. 


trans diaxial "e 


E2 reactions require that the two atoms to be eliminated have a periplanar relationship, 


Since it’s impossible for bromine at C1 and the hydrogen at C2 to be periplanar, 
elimination occurs in the non-Zaitsev direction to yield 3-methylcyclohexene. 


11.67 


n ы 


Вг . 


Р Kd 


This tertiary bromoalkane reacts by Sn1 and E1 routes to yield alcohol and alkene 
products. The alcohol products are diastereomers. 
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11.68 


11.69 
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HOC. „Н MID ш 
jl T 
C C 
C^ COH нос ^а 
G-2-Chloro-2-butene- E 4-divic acid G)-2-Chloro-2-butene- 1 4-dioic acid 


Hydrogen and chlorine are anti to cach other in the Z isomer and are syn in the Е isomer 
Since the Z isomer reacts fifty times faster than the £ isomer, elimination must proceed 
more favorably when the substituents to be eliminated аге anti to one another. This is the 
same stereochemical result that occurs in E2 eliminations of alkyl halides. 


(a) 
CH34CH; H 
x / 1. Na* "NH2 
с=с —————- CH4CH;— CZECH 
/ N 2. НзО* 
H CI 
Mechanism: 
CH3CH; H 
“= — >  CH3CH;—CE-CH 
d CI NH С! 
нм А 
ү) В CH 
f 3 
У 1. Ма* "NH; 
C=C —————- Ph-—C=C—CH, 
/ \ 2. H30* 
Ph H 
Mechanism: 
Br’) CH3 
Yog fees | B= CCH: 
\ 
ei Sees 
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(c) 
H H 
/ 1. Na*NH2 
C=C —— o HC==C—CH3 
\ 2. H0* 
CI CH; 
Mechanism: 
Vogue o Bd NH3 
=. === НС==С—СНз 
с CH, 


Cl 
11.70 Since 2-butanol is a secondary alcohol, substitution can occur by either an Sn1 or Sx2 
route, depending on reaction conditions. Two factors favor ал Sn] mechanism in this 
case. (1) The reaction is run under acidic conditions in a polar, protic solvent (water). (2) 


Dilute acid converts a poor leaving group (СОН) into a good leaving group (OH2), which 
dissociates easily. 
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CHCH; 
5 i Qu, 
н-т OH Y 
НС m 
Protonation of the ге, 
hydroxyl oxygen.. H 
CHCH; 
Hy OH eee 
is tollowed by loss of ; HC 4 
water to form a planar : | 
carbocation. —Н20 | 
| CH2CH3 | 
Attack of water Trom : — À zar pete ы ! 
either side of the рјапаг > HO?" МА :OH5 | 
carbocation yields i sA н CH, Sa | 
racemic product. | 
(aeris Vets | 
| 
нох еен Hea son. | 
^ CH Нас 7 | 
«o: d |, 
снәСн» CHaCHa 
+ + ! 
OC... Spe Ae 
HO & H H^, OH 
CH HaC 


11.71 The chiral tertiary alcohol (R)-3-methyl-3-hexanol reacts with HBr by an SnI pathway. 
HBr protonates the hydroxyl group, which dissociates to yield a planar, achiral 
carbocation. Reaction with the nucleophilic bromide anion can occur from either side of 
the carbocation to produce (+)3-bromo-3-methylhexane. 


11.72 Since carbon-deuterium bonds are slightly stronger than carbon-hydrogen bonds, more 
energy is required to break a C-D bond than to break a С-Н bond. In a reaction where 
either a carbon-deuterium or a carbon-hydrogen bond can be broken in the rate-limiting 
step, a higher percentage of С-Н bond-breaking occurs because the energy of activation 
for С-Н breakage is lower. 
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5- 8- 
В! Br 
н— РВ Ph—/7\_-D 
H H H H 
D H 
OC(CHg), OC(CH3)3 
5- te 
А? p: 


Transition state А? is of higher energy than transition state B+ because more energy is 
required to break the C-D bond. The product that results from transition state В“ is thus 
formed in greater abundance. 


5 2 
В! Y 
13 | | HaC Ph 
1 . | 
3 Elimination Нас һ С 
С а 2 
CH4CH," Y 7 CH; CH3CH> ` CH3 
Ч H 
(2R.38)-2-Bromo-3- ; i (E)-3-Methy [-2- 
methyl-2-phenylpentane Вазе | phenyi-2-pentene 
б-—- 


The (25,3R) isomer also yields E product. 


One of the steric requirements of E2 elimination is the need for periplanar geometry, 
which optimizes orbital overlap in the transition state leading to alkene product. Two 
types of periplanar arrangements of substituents are possible — syn and anti. 


À model of the deuterated bromo compound shows that the deuterium, bromine, and the 
two carbon atoms that will constitute the double bond all lie in a plane. This arrangement 
of atoms leads to syn elimination. Even though anti elimination is usually preferred, it 
doesn't occur for this compound because the bromine, hydrogen, and two carbons can't 
achieve the necessary geometry. 


D 2016 Cengage Learning. All Rights Reserved May not be scanned, copicd or duplicated, or posted 40 a publicly accessible website, in whole or in part. 


330 


11,75 


11.76 


11.77 


Chapter 11 


Ci 


A 


С} 


We concluded in Problem 11.62 that E2 elimination in compounds of this bicyclic 
structure occurs with syn periplanar geometry. In compound А, —H and —С1 can be 
eliminated via the syn-periplanar route. Since neither syn nor anti periplanar elimination 
is possible for B, elimination occurs by a slower, El route. 


Because СТ is a relatively poor leaving group and acetate is a relatively poor 
nucleophile, a substitution reaction involving these two groups proceeds at a very slow 
rate. Г, however, is both a good nucleophile and a good leaving group. [-Chloroactane 
thus reacts preferentially with iodide to form 1-1odooctane. Only a small amount of l- 
iodooctane is formed (because of the low concentration of iodide ion), but 1-iodooctane 
is more reactive than 1-chlorooctane toward substitution by acetate. Reaction with acetate 
produces 1-octyl acetate and regenerates iodide ion. The whole process can now be 
repeated with another molecule of 1 -chlorooctane. The net result is production of |-octyl 
acetate, and no iodide is consumed. 


Two optically inactive compounds are possible structures for compound X. 
H H 
Br 4. m " н 
ССН»әСН»„С | i 
21g Br. MI, 
C—C 
/ \ 
MENO Hiesa 
X X 
үа разе 
HC — CHCH — CH CH5CH;CH5CH» 
He 
у РАС 
1. Оз 
2. Zn. H30* B 
il 
C 
% у 27 ^H 
сс + 2 | 
H H ar z 
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11.78 
pee 
J 


cho ^ en, dre CHCI 
PME, = 
—— +  OTos 
+ Pyr:H* 
At lower temperatures, a tosylate is formed from the reaction of p-toluenesulfonyl 
chloride and an alcohol. The new bond is formed between the toluenesulfonyl group and 


the oxygen of the alcohol. At higher temperatures, the chloride anion can displace the — 
Otos group, which is an excellent leaving group, to form an organochloride. 


"di "ICI 


11.79 Notice that the chiral methyl group has the (А) configuration in both N- 
methyltetrahydrofolate and in methionine. This fact suggests that methylation proceeds 
with two inversions of configuration which, in fact, has been shown to be the case. 


11.80 
excess СН + " 
CH4CH5CH5CH5SCH35NH» тутт = CH4CH2CHoCHoCHoN(CH3)5 I 


Ag50. Н20 


+ 
снасНоСНСНСномСНУз Г СНзСНоСН2СН = CH; + : N(CH3)s 


The intermediate is а charged quaternary ammonium compound that results from SNZ 


substitutions on three СН molecules by the amine nitrogen. E2 elimination occurs 
because the neutral N(CH3): molecule is a good leaving group. 


(^ „гч. О©НрРҺ 
cJ A nucleophile 


11.81 (a) 


ea Sd с 


electrophile 
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(с) 
d e um dua 


м n J 
HO, HO a 
5 F 5 


(d) The stereoisomers are E,Z double bond isomers and are diastereomers. 


a NE HON. 


2 MA ә Е 
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Review Unit 4: Alkynes; Alkyl Halides; Substitutions and Eliminations 


Major Topics Covered (with vocabulary): 

Alkynes: 

alkyne enyne vicinal tautomer Lindlarcatalyst acetylide anion alkylation 

Organic Synthesis. 

Alkyl halides: 

allylic position delocalization Grignard reagent Gilman reagent Suzuki —Miyaura reaction 


Oxidation and reduction in organic chemistry: 


Substitution reactions: 

nucleophilic substitution reaction Walden inversion reaction rate kinetics second-order 
reaction rate constant Sn2 reaction bimolecular nucleophilicity leaving group solvation 
Syl reaction first-order reaction rate-limiting step ion pair dielectric polarization 


Elimination reactions: 
Zaitsev's rule E2reaction syn periplanar geometry anti periplanar geometry 
deuterium isotope effect El reaction EICB reaction 


Tvpes of Problems: 

After studving these chapters, vou should be able to: 

— Predict the products of reactions involving alkynes. 

- Choose the correct alkyne starting material to yield a given product. 

— Deduce the structure of an alkyne from its molecular formula and products of cleavage. 

- Carry out syntheses jnvolving alkynes. 

- . Draw, name, and synthesize alkyl halides. 

— . Understand the mechanism of radical halogenation and the stability order of radicals. 

- Prepare Grignard reagents and dialkylcopper reagents and use them in synthesis. 

- Predict the oxidation level of a compound. 

— Formulate the mechanisms of Su2, Sul and elimination reactions. 

— Predict the effect of substrate, nucleophile, leaving group and solvent on substitution and 
elimination reactions. 

- Predict the products of substitution and elimination reactions. 

– Classify substitution and elimination reactions by type. 


Points to Remember: 


* Although it is very important to work backwards when planning an organic synthesis, 
don't forget to pay attention to the starting material, also. Planning a synthesis is like 
solving a maze from the middle outward: keeping your eye on the starting material can 
keep you from running into a dead end. 


* The reagent Li/NHs is used to reduce an alkyne to a trans alkene; the reagent NaNH2/NH3 
is used to form an acetylide anion. It is easy to confuse the two reagents. 
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In naming alkyl halides by the IUPAC system, remember that a halogen is named as a 
substituent on an alkane. When numbering the alkyl halide, the halogens are numbered in 
the same way as alkyl groups and are cited alphabetically. 


The definition of oxidation and reduction given in Chapter 10 expands the concept to 
reactions that you might not have considered to be oxidations or reductions. As you learn 
new reactions, try to classify them as oxidations, reductions or neither. 


Predicting the outcome of substitutions and eliminations 15 only straightforward in certain 
cases. For primary halides, Sx2 and E2 reactions are predicted. For tertiary halides, Sul, 
E2 and El(to a certain extent) are the choices. The possibilities for secondary halides are 
more complicated. In addition, many reactions yield both substitution and elimination 
products, and both inversion and retention of configuration may occur in the same reaction. 


Self-Test: 


i 


N 
МА CECCICHals 
сносна 


22 ES CH3CH2CCH2C ECH 


| 


us. p | | CH 
A Terbinafine (an antifungal) 3 Bg 


What is the configuration of the double bond in the side chain of A? What products result 
from treatment of A with KMnOs, НзО* (neither the aromatic ring nor the amine are 
affected)? How might the triple bond have been introduced? 


Provide a name for B. Predict the products of reaction of B with (а) 1 equiv HBr (b) H2, 
Pd/C (c) ВНз, THF, then H202, НО” (d) Os, then Zn, НзО*. 


СНз Снәсна 
Ci 
CHgCHACHCHCHg HC =сон=сно 
Вг OH 
C D E 
Ethchlorvynol 


(a sedative) 


Name С. Draw all stereoisomers of C, label them, and describe their relationship. Predict 
the products of reaction of C with:(a) NaOH; (b) Mg, then H20; (c) product of (b) + Br», 
hv (show the major product); (d) (CH3CH2)2CuL1. 


Draw the Ё enantiomer of D. Predict the products of reaction of D with: (а) HBr; (b) 
product of (а) + aqueous ethanol. Describe the reactivity of the “Cl atom in substitution and 
elimination reactions. 


How might E be synthesized from the appropriate alkylbenzene? From the appropriate 
alcohol? Predict the reactivity of E in substitution and elimination reactions. 
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Multiple Choice: 


l. 


6. 


10. 


An enol is a tautomer of an: 
(а) alcohol (b)alkyne (c)alkene (d) ketone 


Which reaction proceeds through a vinylic radical? 
(a) Hg-catalyzed hydration of an alkyne (b) Li/NH3 reduction of an alkyne 
(c) catalytic hydrogenation of an alkyne (d) treatment of an alkyne with a strong базе 


Which of the following reagents is not used tn a Suzuki-Miyaura reaction? 
(a) aromatic boronic acid (b) lithium (c) Pd catalyst (d) potassium carbonate 


Monochlorination of 2,3-dimethylbutane yields what percent of 2-chloro-2, 
3-dimcthylbutane? 
(а) 16% (b)35% (с) 45% (4) 55% 


How many monobromination products can be formed by NBS bromination of 2-ethyl- 
1-pentenc? Include double-bond isomers. 
(а)3 (6)4 (с)5 46 


Which of the following reactions is an oxidation? 
(а) hydroxylation (b)hydration (c) hydrogenation (4) addition of HBr 


All of the following are true of SN2 reactions except: 

(a) The rate varies with the concentration of nucleophile 

(b) The rate varies with the type of nucleophile 

(c) The nucleophile is involved in the rate-determining step 

(d} The rate of the 5х2 reaction of a substrate and a nucleophile is the same as the rate of 
the E2 reaction of the same two compounds. 


Which of the following is true of Snl reactions? 

(a) The rate varies with the concentration of nucleophile 
(b) The rate varies with the type of nucleophile 

(c) he rate is increased by use of a polar solvent. 

(d) he nucleophile is involved in the rate-determining step. 


Which base is best for converting 1-bromohexane to 1-hexene? 
(a (CHipCO. (b) CN (c) OH (d) CECH 


Which of the following is both a good nucleophile and a good leaving group? 
(а) OH (b) CN (с) Cl (d) T 


In the reaction of (2R,35)-3-methyl-2-pentanol with tosyl chloride, what is the 
configuration of the product? 

(a) a mixture of all four possible stereoisomers 

(b) (2R,35) and (25,35) 

(с) QR,35) 

(d) (25,35) 
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Chapter 12 — Structure Determination: Mass Spectroscopy and Infrared 


Spectroscopy 
Chapter Outline 


I. Mass Spectrometry (Sections 12.1-12.4). 
А. General fcatures of mass spectrometry (Section 12.1). 
1. Purpose of mass spectrometry. 


a. 
b. 


Mass spectrometry is used to measure the molecular weight of a compound. 


Mass spectrometry can also provide information on the structure of an unknown 
compound. 


2. Technique of mass spectrometry. 


a. 


e. 


A small amount of sample is vaporized into the ionization source and is 
bombarded by a stream of high-energy electrons. 

An electron is dislodged from a molecule, producing a cation radical. 

Most of the cation radicals fragment; the fragments may be positively charged or 
neutral. 

In the deflector, a strong magnetic field deflects the positively charged fragments, 
which are separated by m/z ratio. 

А detector records the fragments as peaks on a graphic display. 


3. Important terms. 


a. 


d. 


The mass spectrum 1s presented as a bar graph, with masses (m/z) on the x axis 
and intensity (relative abundance) on the y axis. 
The base peak is the tallest peak and is assigned an intensity of 10095. 


The parent peak, or molecular ion (M^), corresponds to the unfragmented cation 
radical. 


In large molecules, the base peak is often not the molecular ion. 


B. Interpreting mass spectra (Sections 12.2-12.4). 
1. Molecular weight (Section 12.2). 


a. 


с. 


Mass spectra can frequently provide the molecular weight of a sample. 

i. Double-focusing mass spectrometers can provide mass measurements 
accurate to 0.0005 amu. 

и. Some samples fragment so easily that M* is not seen. 

If you know the molecular weight of the sample, you can often deduce its 

molecular formula. 

There is often a peak at М+1 that is due to contributions from ^C and ^H. 


2. Fragmentation patterns of hydrocarbons. 


a. 


b. 


Fragmentation patterns can be used to identify a known compound, because a 
given compound has a unique fragmentation “fingerprint”. 


Fragmentation patterns can also provide structural information. 

i. Most hydrocarbons fragment into carbocations and radicals. 

ii. The positive charge remains with the fragment most able to stabilize it. 
iii. It is often difficult to assign structures to fragments. 


iv. For hexane, major fragments correspond to the loss of methyl, ethyl, propyl, 
and butyl radicals. 
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3. Fragmentation patterns of common functional groups (Section 12.3). 
a. Alcohols. 


i. Alcohols can fragment by alpha cleavage, in which a C-C bond next to the 
—OH group is broken. 
(a). The products are a cation and a radical. 

ii. Alcohols can also dehydrate, leaving an alkene cation radical with a mass 18 
units less than МГ. 

Amines also undergo alpha cleavage, forming a cation and a radical. 

Carbonyl compounds. 

i. Aldehydes and ketones with a hydrogen 3 carbons from the carbonyl group 
can undergo the McLafferty rearrangement. 


(a). The products are a cation radical and a neutral alkene. 


ji. Aldehydes and ketones also undergo alpha cleavage, which breaks a bond 
between the carbonyl group and a neighboring carbon. 
(a). The products are a cation and a radical. 
C. Mass spectrometry in biological systems: TOF instruments (Section 12.4). 
1. Time-of-flight (TOF) instruments arc used to produce charged molecules with little 
fragmentation. 
2. The ionizer can be either ESI or MALDI. 
a. [nan ESI source, the sample is dissolved in a polar solvent and sprayed through a 
steel capillary tube. 
i. Asthe sample exits, it is subjected to a high voltage, which protonates the 
sample. 
ii. The solvent is evaporated, yielding protonated sample molecules. 
b. Ina MALDI source, the sample is absorbed onto a matrix compound. 
i. The matrix compound is ionized by a burst of laser light. 
ii. The matrix compound transfers energy to the sample, protonating it. 
3. The samples are focused into a small packet and given a burst of energy. 
a. Each molecule moves at a velocity that depends on the square root of its mass. 
4. The analyzer is an electrically grounded tube that detects the charged molecules by 
velocity. 
II. Spectroscopy and the electromagnetic spectrum (Section 12.5). 
А. The nature of radiant energy. 
1. Different types of electromagnetic radiation make up the electromagnetic spectrum. 
2. Electromagnetic radiation behaves both as a particle and as a wave. 
3. Electromagnetic radiation can be characterized by three variables. 
a. The wavelength (А) measures the distance from one maximum to the next. 
b. The frequency (v) measures the number of wave maxima that pass a fixed point 
per unit time. 
c. The amplitude is the height measured from the midpoint to the maximum. 
4. Wavelength times frequency equals the speed of light. 
5. Electromagnetic energy is transmitted in discrete energy bundles called quanta. 
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а. = = hv, where є is energy per photon. 
b. Energy varies directly with frequency but inversely with wavelength. 
с. Е= 1.20 х 10? kJ/mol + А (cm) for a “mole” of photons. 


B. Electromagncuc radiation and organic molecules. 


l. 


3. 
4. 


When ап organic compound is struck by a beam of electromagnetic radiation, it 
absorbs radiation of certain wavelengths, and transmits radiation of other 
wavelengths. 


If we determine which wavelengths are absorbed and which аге transmitted, we can 
obtain an absorption spectrum of the compound. 


a. Foran infrared spectrum: 

i. The horizontal axis records wavelength. 

ii. The vertical axis records percent transmittance. 

iii. The baseline runs across the top of the spectrum. 

iv. Energy absorption is a downward spike (low percent transmittance). 
The energy a molecule absorbs is distributed over the molecule. 
There are many types of spectroscopies that differ in the region of the 
electromagnetic spectrum that is being used. 


HL Infrared Spectroscopy (Sections 12.6-12.8). 
A. Infrared radiation (Section 12.6). 


1. 


4. 


The infrared (IR) region of the electromagnetic spectrum extends from 7.8 x 107 т 

to 10 * m. 

a. Organic chemists use the region from 2.5 x 10 т to 2.5 x 10? m. 

b. Wavelengths are usually given in jum, and frequencies are expressed in 
wavenumbers, which are the reciprocal of wavelength. 

c. The useful range of IR radiation is 4000 cm to 400 cm '; this corresponds to 
energies of 48.0 kJ/mol to 4.80 kJ/mol. 

IR radiation causes bonds to stretch and bend and causes other molecular 

vibrations. 

Energy is absorbed at a specific frequency that corresponds to the frequency of the 

vibrational motion of a bond. 

If we measure the frequencies at which IR energy is absorbed, we can find out the 

kinds of bonds a compound contains and identify functional groups. 


B. Interpreting IR spectra (Sections 12.7—12.8). 


l. 
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General principles (Section 12.7). 
a. Most molecules have very complex IR spectra. 
i. This complexity means that each molecule has a unique fingerprint that allows 
it to be identified by IR spectroscopy. 
п. Complexity also means that not all absorptions can be identified. 


b. Most functional groups have characteristic IR absorption bands that change very 
little from one compound to another. 


€. The significant regions of IR absorptions: 
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i. 4000 cm — 2500 cm! corresponds to absorptions by С-Н, О-Н, and М-Н 
bonds. 
ii. 2500 стг! – 2000 стг! corresponds to triple-bond stretches. 
iii. 2000 ст! — 1500 ст! corresponds to double bond stretches. 
iv. The region below 1500 cm’! is the fingerprint region, where many complex 
bond vibrations occur that are untque to a molecule. 
d. The frequency of absorption of different bonds depends on two factors: 
i. The strength of the bond. 
и. The difference in mass between the two atoms in the bond. 
2. IR spectra of some common functional groups (Section 12.8). 
a. Alkanes. 
i. C-C absorbs at 800-1300 cm '!. 
ii С-Н absorbs at 2850-2960 сш". 
b. Alkenes. 
i. =С-Н absorbs at 3020-3100 cm”. 
ii. C=C absorbs at 1650—1670 ст—!. 
ш. ВСН=СН? absorbs at 910 and 990 cm. 
iv. R2C-CH absorbs at 890 cm *. 
c. Alkynes. 
i. -С=С- absorbs at 2100-2260 cm '. 
п. =С-Н absorbs at 3300 cm ''. 
d. Aromatic compounds. 
i -C-H absorbs at 3030 сш". 
ii. Ring absorptions occur at 1660-2000 cm ' and at 1450-1600 cm '. 
е. The alcohol О-Н bond absorbs at 3400—3650 cm '. 
The М-Н bond of amines absorbs at 3300—3500 cm 1. 
g. Carbonyl compounds. 
i. Saturated aldehydes absorb at 1730 cm !; unsaturated aldehydes absorb at 
1705 em, 
ii. Saturated ketones absorb at 1715 em '; unsaturated ketones absorb at 
1690 cm !. 
iii. Saturated esters absorb at 1735 cm !; unsaturated esters absorb at 1715 ст. 


m 
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12.1 


12.2 


12.3 


Chapter 12 


Solutions to Problems 


If the isotopic masses of the atoms C, H, and O had integral values of 12 amu, 1 amu and 
16 amu, many molecular formulas would correspond to a molecular weight of 288 amu. 
Because isotopic masses are not integral, however, only one molecular formula is 
associated with a molecular ion at 288.2089 amu. 


To reduce the number of possible formulas, assume that the difference in molecular 
weight between 288 and 288.2089 is due mainly to hydrogen. Divide 0.2089 by 0.00783, 
the amount by which the atomic weight of one 'H atom differs from 1. The answer, 
26.67, gives a “ballpark” estimate of the number of hydrogens in testosterone. Then, 
divide 288 by 12, to determine the maximum number of carbons. Since 288 + 12 = 24, 
we know that testosterone can have no more than 22 carbons if tt also includes hydrogen 
and oxygen. Make a list of reasonable molecular formulas containing C, Н and О whose 
mass is 288 and which contain 20-30 hydrogens. Tabulate these, and calculate their exact 
masscs using the exact atomic mass values in the text. The only possible formula for 
testosterone is CioHosO2. 

Isotopic mass 


Molecular Mass Mass Mass Mass of 
formula of carbons of hydrogens of oxygens molecular ion 


C20H320 240.0000 amu 32.2504 amu 15.9949 amu 288.2453 amu 


CioH2302 228.0000 28.2191 31.9898 288.2089 
CisH2403 216.0000 24.1879 47.9847 288.1726 
„СНз 
CHyCH2CH=C_ CH4CH3CH3CH = CHCH4 
ài CH3 
2-Methyl-2-pentene 2-Hexene 
CH3 
+ / + 
сң;сн==С, CHCH — CHCHs 
CH 
nz = 69 3 Re 255 


Fragmentation occurs to a greater extent at the weakest carbon-carbon bonds, producing 
a relatively stable cation. Spectrum (a), which has a dominant peak at m/z = 69, 
corresponds to 2-methyl-2-pentene, and spectrum (b), which has m/z = 55 as its base 
peak, corresponds to 2-hexene. 


In a mass spectrum, the molecular ion is both a cation and a radical. When it fragments, 
two kinds of cleavage can occur. (1) Cleavage can form a radical and a cation (the 
species observed in the mass spectrum). Alpha cleavage shows this type of pattern. (2) 
Cleavage can form a neutral molecule and a different radical cation (the species observed 
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in the mass spectrum). Alcohol dehydration and the McLafferty rearrangement show this 
cleavage pattern. 


For each compound, calculate the mass of the molecular ion and identify the functional 
groups present. Draw the fragmentation products and calculate their masses. 


(а) 
Е Ө er 
- - + 
Alpha — : | 

С As prr ON 

Hac ““СНСНЫСНЫ ‚ eleavage ue Y e А ыд 
M* = 86 ? miz =43 

о m 
; T ‚ Adpha die Г ао Е + 
нус? NCH CH CHa |— cleavage ПЗ | Oti 
i M*-86 | н = 7) 


In theory, alpha cleavage can take place on either side of the carbonyl group to produce 
cations with m/z = 43 and m/z = 71. In practice, cleavage occurs on the more substituted 
side of the carbonyl group, and the first cation, with m/z = 43, is observed. 


(b) 
ou] * row 
Di Dehydration _ | © + НО 


M* = 100 mz = 82 
Dehydration of cyclohexanol produces a cation radical with m/z = 82, 
(с) 
lH. 1+ 
H + © 
CET. McLatferty MN нус СН 
CH3CHCH2CCH| rearrangement Hye “Су мс = 
! C CH. + 
M+ = 100 а 
H H GHo 
С 
aun 
нс” “н 
The cation radical fragment resulting from McLafferty rearrangement has m/z = 58. 
(d) 
Г CHCH, |“ CHoCHz “+ 
ге зм Ма с. + | 
HaC +CH,” “CH CH3 cleavage н,с2 “сн,снз 
р Mt = 101 miz == 86 


Alpha cleavage of triethylainine yields a cation with m/z = 86. 
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12.5 
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Identify the functional groups present in the molecule and recall the kinds of 
fragmentations those functional groups produce. 2-Methyl-2-pentanol produces 
fragments that result from both dehydration and from alpha cleavage. Two different alpha 
cleavage products are possible. 


| CHa i" | | CH; © 
| | Dehydration | / 
[CH3CH2CH2ÇCH3; — 000m | CHCHaCH=C + H20 
! OH . CHa _ 

Mt = 102 N пит = 84 


Alpha Alpha 
cleavage cleavage 
OH чу E | i А 
T HO... ^ СНз | 
озона, + H4C* CHa4CH»CHe' 4 yi | 
PS | CH | 
ни: = 87 nz = 59 


Peaks might appear at М" = 102 (molecular ion), 87, 84, 59. 


We know that: (1) energy increases as wavelength decreases, and (2) the wavelength of 
X-radiation is smaller than the wavelength of infrared radiation. Thus, we estimate that 
an X ray is of higher energy than an infrared ray. 
ё = hy = Вс; h 6.62 x 107 J-s; c = 3.00 x 10° m/s 
forà = 1 х 10 * m (infrared radiation): 
(6.62 x 10?* 7$) (3.00 x 105 m/s) 
2 = 


= 220x107 J 
1.0x10° m 
for А, = 3.0 x 10? m (X radiation): 
(6.62 x 107* J-5)(3.00 x10" m/s) > 
e => 6x0 


30x10? m 


Confirming our estimate, the calculation shows that an X ray is of higher energy than 
infrared radiation. 


Convert radiation in m to radiation in Hz by the equation: 


8 
gto SOCIIS 5% йен. 
А. 90x10 m 


The equation £ = Лу shows that the greater the value of v, the greater the energy. Thus, 


radiation with v = 3.3 x 10? Hz (à= 9.0 x 10° m) is higher in energy than radiation with 
v=4.0 х 10? Hz. 
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12.6 
_ 1.20х10* Кто! _  120x10*kJ/mol 
A(n m) 50x10" 
= 2.4 x 10° kJ/mol for a gamma ray 
(b Е=4.0х 10* kJ/mol for an X ray. 
( je ‚ = © _ 30x10 m/s 
e) A y 60x10" Hz 
_ 1.20х 10 ^ KJ/mol 
50x10? 
(d) Е=2.$х 10? kJ/mol for visible light. 
(e) Е=6.0 kJ/mol for infrared radiation 


(a) 


250xl0?m 


= 2.4 х 10 КЈ/то! for ultraviolet light 


(f) E=4.0 х 10° kJ/mol for microwave radiation. 


12.7 (а) A compound with a strong absorption at 1710 cm™ contains a carbonyl group and 
is either a ketone or aldehyde. 


(b А compound with a nitro group has a strong absorption at 1540 сит". 


(c) А compound showing both carbonyl (1720 ст!) and -OH (2500—3000 ст! 
broad) absorptions is a carboxylic acid. 


12.8 To use IR spectroscopy to distinguish between isomers, find a strong IR absorption that is 
present in one isomer but absent in the other. 


(a) CH3sCH20H СНзОСНз 
Strong hydroxyl band No band in the region 
at 3400-3640 cm’ 3400-3640 стг! 
(b CH3CH2CH2CH2CH=CH2 
Alkene bands at 3020—3100 
cm ! and 
at 1640-1680 ! No bands in alkene region 
(c) CH3CH2CO2H HOCH;CH;CHO 
Strong, broad band Strong band at 3400—3640 
at 2500-3100 стг! em! 
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Based on what we know at this point, we can identify four absorptions in this spectrum. 


(a) Absorptions in the region 1450 cm !—1600 cm ! are due to aromatic ring —С=С- 
motions. 


(b) The absorption at 2100 cm! is due to a -С=С- stretch. 


(c) Absorptions in the range 3000 cm ! – 3100 cm’! are due to aromatic ring =С-Н 
stretches. 


(d) Тһе absorption at 3300 cnr! is due to a =С-Н stretch. 


(а) An ester next to a double bond absorbs at 1715 cm !. The alkene double bond 
absorbs at 1640—1680 cm '. 


(b) The aldehyde carbonyl group absorbs at 1730 cm '. The alkyne C=C bond absorbs 
at 2100—2260 cm, and the alkyne Н-С= bond absorbs at 3300 em 1. 


(c) The most important absorptions for this compound are due to the alcohol group (a 
broad, intense band at 3400-3650 ст!) and to the carboxylic acid group, which has 
a C=O absorption in the range 1710-1760 cm ! and a broad О-Н absorption in the 
range 2500—3100 cm '. Absorptions due to the aromatic ring [3030 cm ! (w) and 
1450—1600 cm ! (m)] may also be seen. 


і 
HC 
3 C. 
CH3 
H 
МЕС 
H 


The compound contains nitrile and ketone groups, as well as a carbon-carbon double 
bond. The nitrile absorption occurs at 2210—2260 cm !. The ketone shows an absorption 
at 1690 em !, a lower value than usual because the ketone is next to the double bond. The 
double bond absorption occurs at 1640—1680 cm". 


Visualizing Chemistry 


12.12 


Significant | 
Compound IR Absorption Duda 
(a) HH 3 1540 cm”! nitro group (1) 
RN CN Ue m 1730 стг! aldehyde (2) 
T 3030 ст! aromatic ring C-H(3) 
H + ou 1450-1600 си! aromatic ring C=C(3) 
П 
о 
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(b) о 1735 cm! ester (1) 
HAC. 1C 3020-3100 ст! vinylic stretch C-H(2) 
3 "g^ Ser vhs 
uic P 910 cm”, 990 cm — C2CH» bend(3) 
зба 1640-1680 cm! alkene С=С 
2 
22 
(c) О нс Он 1715 ст! ketone (1) 


3400—3650 cm! alcohol (2) 


12.13 (a) The mass spectrum of this ketone shows fragments resulting from both McLafferty 
rearrangement and alpha cleavage. 


MeLafferty rearrangement: 


| | H |: 
снасноснссн.сн: МИ о |+) 4 | 
| rearrangement | yO NC. | 
Сн» » i H рея СН»СНь 
Mt= 114 | н сн; 
Н.С==Снь + HaC С 
2 2 3 `2 “сн,снз | 
H mz -86 | 
Alpha cleavage: 
О Jt í CH3 |* 
Hs L Alpha — | | 
i ———- CHCH CH—C=0Ọ | + -CHCH 
снсн,сн” T CHCH; | cleavage |7972 с 
M*- 114 miz =85 
7 О E +” CH3 
| CH; |! | Alpha = + 
| е ——- — CHgCH2CH' + | OZ C—CH;CHs · 
| CHgCHaCHT “Сн,Снз cleavage | E 
M*z Н4 miz 257 
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(b) Two different fragments can arise from alpha cleavage of this amine: 


СНа : СНз 
М+ = [13 miz = 98 
| H ite CHsCH»CH, Н ui 
\ CH3 | Alpha me >. - 
‚ МС м N—C 
^ cleavage 4 \ 
Г CHa | н.с CH3 
Mt=113 | miz = 113 g 


The second product results from cleavage of a bond in the five-membered ring. Due 
to the symmetry of the amine, only one peak is observed. 


Additional Problems 


Mass Spectrometry 


12.14 


M Molecular , Degree of Possible Structure 
Formula Unsaturation 


(а) 132 СН 5 


(b) 166 С.Н о 9 sog 
С.Н 2 Boon 


(c) 84 C,H 12 | 


12.15 (a) The compound contains по more than 7 carbons. As in Problem 12.1, divide the 
mass to the right of the decimal point by 0.00783 to arrive at an approximate value 
for the number of hydrogens (10.8). Since the compound has an even mass (and an 
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even number of hydrogens), it contains an even number of nitrogens, or no 
nitrogens. The two most likely formulas are CeHioO (M* = 98.0732) and CsHioN2 
(M* = 98.0844). The latter formula agrees precisely with the given molecular ion. 


(b) The compound contains no more than 9 carbons, and approximately 4.1 hydrogens. 
The number of hydrogens must be odd, since M* is odd. Assume the molecule has 5 
hydrogens, aud adjust the numbers of nitrogens and oxygens until you arrive at the 
correct value for М". The formula is CHsNO». 


Reasonable molecular formulas for camphor are C1oHisO, CoH 1202, C&HsO: (see 
Problem 12.1). The actual formula, CioHi«O (M* = 152.1201), corresponds to three 
degrees of unsaturation. The ketone functional group accounts for one of these. Since 
camphor is a saturated compound, the other two degrees of unsaturation are due to two 
rings. 
Н.С CH3 
CH3 
o Camphor 


Carbon is tetravalent, and nitrogen is trivalent. Га С-Н unit (formula weight 13) is 
replaced by an N atom (formula weight 14), the molecular weight of the resulting 
compound increases by one. Since all neutral hydrocarbons have even-numbered 
molecular weights (СиН2и+2, СиН2», and so forth) the resulting nitrogen-containing 
compounds have odd-numbered molecular weights. If two C—H units are replaced by two 
N atoms, the molecular weight of the resulting compound increases by two and remains 
an even number. 


Because M* is an odd number, pyridine contains an odd number of nitrogen atoms. If 
pyridine contained one nitrogen atom (atomic weight 14) the remaining atoms would 
have a formula weight of 65, corresponding to -CsHs. CsHsN is, in fact, the molecular 
formula of pyridine. 


Subtract the isotopic mass of the two nitrogens from the value of M*, and divide the 
quantity to the right of the decimal point by 0.00783 to find the approximate number of 
hydrogens in nicotine. The molecular formula of nicotine is CioH14N2. To find the 
equivalent hydrocarbon formula, subtract the number of nitrogens from the number of 
hydrogens. The equivalent hydrocarbon formula of nicotine, СлоН!2, indicates five 
degrees of unsaturation — two of them due to the two rings and the other three due to 
three double bonds. 


N е 
І Nicotine 
ES CH3 
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Use the technique described in Problem 12.1 to find the molecular formula of cortisone. 
Cortisone contains approximately 25 hydrogens. Make a table of possible molecular 
formulas for cortisone that have around 25 hydrogens and calculate the exact molecular 
weights corresponding to these formulas. 


Isotopic mass 


Molecular Mass Mass Mass Mass of 
formula of carbons of hydrogens of oxygens molecular ion 
CxH20 324.0000 amu 20.1565 amu 15.9949 amu 360.1514 amu 

CosHosO» 300.0000 28.2191 31.9898 360.2089 

C24H2403 — 288.0000 24.1878 47.9847 360.1725 

С>1Н2805 — 252.0000 28.2191 79.9746 360.1937 


The molecular weight of Ся H2205 corresponds to the observed molecular weight of 
cortisone. (Note that only the last formula has the correct degrec of unsaturation, 8). 


In order to simplify this problem, neglect the ^C and ?H isotopes in determining the 
molecular ions of these compounds. 


(a) Тһе formula weight of -CH3 is 15, and the atomic masses of the two bromine 
isotopes are 79 and 81. The two molecular ions of bromoethanc occur at M* = 94 
(50.7%) and М” = 96 (49.394). 


(b) The formula weight of СНз is 85, and the atomic masses of the two chlorine 
isotopes are 35 and 37. The two molecular ions of I-chlorohexane occur at M* = 
120 (75.8%) and M* = 122 (24.2%). 


Each carbon atom has а 1.10% probability of being "C and а 98.90% probability of 
being C. The ratio of the height of the '*C peak to the height of the "C peak for a one- 
carbon compound is (1.10/98.9) x 100% = 1.11%. For a six-carbon compound, the 
contribution to (M+1)* from "C is 6 х (1.10/98.9) x 100% = 6.66%. For benzene, the 
relative height of (M+1)' is 6.66% of the height of M*. 


A similar line of reasoning can be used to calculate the contribution to (М+1)* from ?H. 
The natural abundance of 7H is 0.015%, so the ratio of a Н peak to a 'Н peak for a one- 
hydrogen compound is 0.015%. For a six-hydrogen compound, the contribution to 
(М+1)' from 7H is 6 x 0.015% = 0.09%. 


For benzene, (M--1)* is 6.75% of M*. Notice that Н contributes very little to the size of 
(М+1)*. 


(a) The molecular formula of the ketone is CsH mO, and the fragments correspond to 
the products of alpha cleavage (McLafferty rearrangement fragments have even- 
numbered values of m/z). Draw all possible ketone structures, show the charged 
products of alpha cleavage, and note which fragments correspond to those listed. 
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Г о 25 й А 
i vil, | Alpha EV LUE D ы 
| H4C^ ТСНЬСН)ОНу | cleavage | L | 
^^ M*- 86 mir = ДА Mic = 7) 
Г О Ж _ | CH i4 
i - | 3 : 
| ‚ И, СН Alpha т ME | н 
„С! ——> :HQ—CEO + :О=С—О©ОНОСН»ОН» | 
НС”  TCHCH, : cleavage ` | 1 ; 
M* = 86 z miz = 43 ті = 71 
- б us 
‚|| i Alpha И а [з Б 
CH4CH;7 "CHCH | cleavage L E 2 ы 
M+ = 86 nz = 57 ны: = 57 


Either of the first two compounds shows the observed fragments т its mass 
spectrum. 


(b) СНО ts the formula of an alcohol with М" = 88. The fragment at m/z = 70 is due 
to the product of dehydration of М". The other two fragments are a result of alpha 
cleavage. Draw the possible Cs alcohol isomers, and draw their products of alpha 
cleavage. The tertiary alcohol shown fits the data. 


+’ ] + - + 
| OH OH | | OH 
| cHyctyte-ton, | MP, | 
| ЗУ? 3 Ж. 
| |i 7| cleavage | снн сна! [HC “сн 
| | | 3 3 
М+ = 88 иҥ = 73 miz = 59 
OH : Te CH, 1" 
| Dehydration \ ун 
CHaCH2—C— CHa | ; с=с 
CH 3 EL. CH3 | 
М+ = 8S miz = И) 
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12.24 
Ж 
CH4CH3CH5CHCH; 
2-Methylpentane 


e 


Те 
(Ha +e 
2—7 [CHaCH?CH?CHCHs 
CH3 CH3 
+ + | +! + 
CH4CH5CH5CHCH4 CH5CHCH4 CHCH, CH4CH» 
пи = 71 míz =57 niz = 43 тё = 29 


The molecular ion, at 17/2 = 86, is present in very low abundance. The Базе peak, at m/z = 
43, represents a stable secondary carbocation. 


12.25 Before doing the hydrogenation, familiarize yourself with the mass spectra of 
cyclohexene and cyclohexane. Note that M* is different for each compound. After the 
reaction is underway, inject a sample from the reaction mixture into the mass 
spectrometer. If the reaction is finished, the mass spectrum of the reaction mixture should 
be superimposable with the mass spectrum of cyclohexane. 


12.26 (a) This ketone shows mass spectrum fragments that are due to alpha cleavage and to 
the McLafferty rearrangement. The molecular ion occurs at M* = 148, and major 
fragments have m/z — 120, 105, and 71. (Note that only charged species are shown.) 


ү : oi^: * 
| о 
VC Ч Alph: i Go] Ox 
сез pha : | ES 
a LÀ у | С 
| cleavage — | сМ os, 
C49H420 M? = 14% ип = 71 
О | | T 
ti McLafferty С 
С ———— | — 2 
rearrangement | Hot 
wr | 


miz = $20 
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(b) The fragments in the mass spectrum of this alcohol (СзН.60) result from 
dehydration and alpha cleavage. Major fragments have m/z values of 128 (the same 
value as the molecular ion), 110, and 99. 


OH ER F + 
Dehydration on 
T ——M—— alll 
М+ = 128 пи = 110 
E P Г + P OH yt" 
| OH : | 
Alpha ! 
О | + i 
‚ cleavage | ; 
В : E: | j 
M+ = 128 ии: = 99 miz = 128 


(c) Amines fragment by alpha cleavage. In this problem, cleavage occurs in the ring, 
producing a fragment with the same value of m/z as the molecular ion (99). 


H = H Е 
| | 
М А N 
ч CH, Alpha | ZA CH, 
-- cleavage | | 
Mt = 99 Lo m/z = 99 J 


Infrared Spectroscopy 


12.07 CHiCH2C=CH shows absorptions at 2100-2260 ст! (C=C) and at 3300 ст! (С=С-Н) 
that are due to the terminal alkyne bond. 
H2C=CHCH=CH:z has absorptions in the regions 1640-1680 cm ! and 3020-3100 that 
are due to the double bonds. It also shows absorptions at 910 cm ! and 990 ст! that are 
due to monosubstituted alkene bonds. No absorptions occur in the alkyne region. 


CH3C=CCHs3. For reasons we won't discuss, symmetrically substituted alkynes such as 2- 
butyne do not show a С=С bond absorption in the IR. This alkyne is distinguished from 
the other isomers in that it shows no absorptions in either the alkyne or alkene regions. 


12.28 Two enantiomers have identical physical properttes (other than the sign of specific 
rotation). Thus, their IR spectra are also identical. 


12.29 Since diastereomers have different physical properties and chemical behavior, their IR 
spectra are also different. 
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(а) 


(b) 


(c) 


(d) 


(a) 


(b) 


Absorptions at 3300 cm ! and 2150 cm ! аге due to a terminal triple bond. Possible 
structures: 


CH3CH2CH2C=CH (CH3)2CHC=CH 


An IR absorption at 3400 ст! is due to a hydroxyl group. Since no double bond 
absorption is present, the compound must be a cyclic alcohol. 


Нз 


„| [> — CHOH < р 


OH HO 
An absorption at 1715 cm"! is due to a ketone. The only possible structure is 
CIGCH2COCH3. 


Absorptions at 1600 cm ' and 1500 cm ' are due to an aromatic ring. Possible 
structures: 


CH2CH3 CH3 CH3 CH; 
CH3 
CH3 
HC=CCH2NH?2 CH3CH2C=N 
Alkyne absorptions at Nitrile absorption at 


3300 cm !, 2100-2260 cm"! 2210-2260 ст! 
Amine absorption at 
3300—3500 сп! 


СНзСОСНз CH3CH2CHO 
Strong ketone absorption Strong aldehyde absorption 
at 1715 ст! at 1730 cm! 


Spectrum (b) differs from spectrum (a) in several respects. Note in particular the 
absorptions at 715 cm! (strong), 1140 cm"! (strong), 1650 cm ! (medium), and 3000 
cm! (medium) in spectrum (b). The absorptions at 1650 ст! (C=C stretch) and 3000 
cm ! (-C-H stretch) can be found in Table 12.1. They allow us to assign spectrum (b) to 
cyclohexene and spectrum (a) to cyclohexane. 
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12.33 Only absorptions with medium to strong intensity are listed. 


(a) 


(e) 


12.34 (a) 


(b) 


(c) 


12.35 


(a) 


(b) 


(c) 
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о: _ 
je 


27 


EJ 


| 
CHgCCH2CHsCOCH, 


aromatic ring C=C 
1450-1600 стг! 
aromatic ring С-Н 
3030 cm! 
carboxylic acid C=O 
1710-1760 em"! 
carboxylic acid O-H 
2500-3100 ст! 


aromatic ring C=C 
1450-1600 стг! 
aromatic ring С-Н 
3030 cm! 
alcohol О-Н 
3400-3650 cm! 
nitrile C=N 
2210-2260 ст! 


ester 
1735 ст! 


о с „ОСНз aromatic ring C=C 


1450-1600 cm"! 
aromatic ring C-H 
3030 cm! 
aromatic ester 
1715 сп! 


alkene С=С 
1640-1680 cm! 
alkene -C-H 
3020-3100 cm! 
ketone 
1715 сп! 


1715 сп! 


СНзСЕССН:з exhibits no terminal =С-Н stretching vibration at 3300 cm ', as 
СН.СН-СЕСН does. 
CH:COCH-CHCH,, a ketone next to a double bond, shows a strong ketone 


absorption at 1690 cm !; CH3COCH2CH=CH: shows а ketone absorption at 1715 
ст! and monosubstituted alkene absorptions at 910 cm ! and 990 cm !. 


CH3CH2CHO exhibits an aldehyde band at 1730 cm '; HxXC=CHOCHs shows 
characteristic monosubstituted alkene absorptions at 910 ст! and 990 cm 1. 


Compound 


CH3CH3CCHs 


(CH35CHCH?CECH 


(CH3)2CHCH2CH=CH2 


Distinguishing 
Absorption 


1715 em! 


2100—2260 em! 
3300 cm” 


1640-1680 спа”! 
3020-3100 cm! 


910 cm !, 990 ст! 


Due ta: 


C=O (ketone) 
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(d) 1735 cm"! C-O (ester) 
CH3CH2CH5COCHa 
(e) Ps 1690 стг! ketone next to 
{у aromatic ring 
pt 1450-1600 ст"! aromatic ring 
? 3030 стг! aromatic ring 
(f) q 1710 cm! aldehyde next to 
HO C aromatic ring 
“Уң 3400-3650 стг! alcohol 
1450-1600 ст”! aromatic ring 
3030 em! aromatic ring 
CH3 


сну 
H40* CY 
— < 


1 -Meths lcvclohexene 


LI" 
i -Methylcyclohexanol 
The infrared spectrum of the starting alcohol shows a broad absorption at 3400-3640 
cm 1 due to an О-Н stretch. The alkene product exhibits medium intensity absorbances 
at 1645—1670 cm ! and at 3000-3100 cm™. Monitoring the disappearance of the alcohol 


absorption makes it possible to decide when reaction is complete. It is also possible to 
monitor the appearance of the alkene absorptions. 


KOH | H 
CH Hot 6 Has CH3CH2C =СНСНз or | CH4CH3CCH5CHa4 ? 
Br 


3-Bromo-3-methylpentane 


CH3CH20H 


3-Methyl-2-pentene 2-Ethyl- I-butene 


The IR spectra of both products show the characteristic absorptions of alkenes in the 
regions 3020-3100 cm! and 1650 сш '. However, in the region 700—1000 cm'!, 2-ethyl- 
1-butene shows a strong absorption at 890 cm”! that is typical of 2,2-disubstituted 
R2C-CH2 alkenes. The presence or absence of this peak should help to identify the 
product. (3-Methyl-2-pentene is the major product of the dehydrobromination reaction.) 
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General Problems 


12.38 The following expressions are needed: 


в = hy = hejh = hc?, where 9 is the wavenumber. The last expression shows that, as ? 
increases, the energy needed to cause IR absorption increases, indicating greater bond 
strength. Thus an ester C-O bond ($ =1735 cm") is stronger than a ketone C=O bond 


(9 =1715 cm"). 


12.39 Possible molecular formulas containing carbon, hydrogen, and oxygen and having M* = 
150 are CioHiaO, CoH1002, and CsH6Os3. The first formula has four degrees of 
unsaturation, the second has five degrees of unsaturation, and the third has six degrees of 
unsaturation. Since carvone has three double bonds (including the ketone) and one ring, 
or four degrees of unsaturation, CioH140 is the correct molecular formula for carvone. 


Carvone 
H3C 


CH» 


12.40 The intense absorption at 1690 cm’! is due to a ketone next to a double bond. 


12.41 The peak of maximum intensity (base peak) in the mass spectrum occurs at m/z = 67. 
This peak does not represent the molecular ion, however, because М” of a hydrocarbon 
must be an even number. Careful inspection reveals the molecular ion peak at m/z = 68. 
M' = 68 corresponds to a hydrocarbon of molecular formula CsHs with a degree of 
unsaturation of two. 


Fairly intense peaks in the mass spectrum occur at m/z = 67, 53, 40, 39, and 27. The peak 
at m/z = 67 corresponds to loss of one hydrogen atom, and the peak at m/z = 53 represents 
loss of a methyl group. The unknown hydrocarbon thus contains a methyl group. 


Significant IR absorptions occur at 2130 ст! (-C=C- stretch) and at 3320 ст! (=С-Н 
stretch). These bands indicate that the unknown hydrocarbon is a terminal alkyne. 
Possible structures for CsHs are CH3CH2CH2C=CH and (СНз)›СНСЕСН. [1-Pentyne is 
correct.] 


12.42 The molecular ion, M* = 70, corresponds to the molecular formula CsHio. This 
compound has one double bond or one ring. 


The base peak in the mass spectrum occurs at m/z = 55. This peak represents loss of a 
methyl group from the molecular ion and indicates the presence of a methyl group in the 
unknown hydrocarbon. АП other peaks occur with low intensity. 
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In the IR spectrum, it is possible to distinguish absorptions at 1660 cm™ and at 3000 cm"! 
due to a double bond. (The 2960 cm”! absorption is rather hard to detect because it occurs 
as a shoulder on the alkane С-Н stretch at 2850-2960 cm '.)Since no absorptions occur 
in the region 890 cm !—990 cm !, we can exclude terminal alkenes as possible structures. 
The remaining possibilities for CsHio are CH3CH2CH=CHCHs and (CH3)2C=CHCHs. [2- 
Methyl-2-butene is correct.) 


(а) EO To Ts 
снаснәснСн снеснәснгснгс=М CHaÇC=N — CHSCHCH;CEEN 
CH CH; 


The simplest way to distinguish between the two isomers is by taking their IR spectra. 
The aldehyde carbonyl group absorbs at 1730 cm™', and the ketone carbonyl group 
absorbs at 1715 cm '. 


The mass spectra of the two isomers also differ. Like ketones, aldehydes also undergo 
alpha cleavage and McLafferty rearrangements. 


McLafferty rearrangement: 


H x du TEL H gh | н. Te: 
| QO | 
A > F i s | — i q 
| HC” “сна H [H^ ^H 
mi = 58 7 m/z = 44 


The fragments from фе McLafferty rearrangements differ in values of m/z. 
Alpha cleavage: 


пи: 229 


The fragments resulting from alpha cleavage also differ in values of m/z. 
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12.45 
CH; 


1. CH4MgBr OH 
———— 
2. H4O* 


Q 


The absorption at 3400 cm ' is due to a hydroxyl group. 


12.46 The absorption at 3400 ! is due to an alcohol. 


О OH 
Í 1. NaBH4 | 
S Mt = 74 
12.47 
H4O* | 
CH3CH>C ÆN aa CH4CH5COH 
М+= 74 


The absorption at 1710 cm ' is due to ће carbonyl group of a carboxylic acid, and the 
absorption at 2500-3100 cm ' is due to the OH group of the carboxylic acid. 


12.48 Ethyl octanoate 
О 


АР 
12.49 2-Methyl-1-pentene 


AN 


12.50 Chlorobenzene 


Сү 
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Chapter 13 — Structure Determination: 
Nuclear Magnetic Resonance Spectroscopy 


Chapter Outline 


I. Principles of Nuclear Magnetic Resonance Spectroscopy (Sections 13.1—13.3). 
A. Theory of NMR Spectroscopy (Section 13.1). 


1. 


Many nuclei behave as if they were spinning about an axis. 

a. The positively charged nuclei produce a magnetic field that can interact with an 
externally applied magnetic field. 

b. The C nucleus and the 'H nucleus behave in this manner. 

c. In the absence of an external magnetic field the spins of magnetic nuclei are 
randomly oriented. 

When a sample containing these nuclei is placed between the poles of a strong 

magnet, the nuclei align themselves either with (parallel to) the applied field or 

against (antiparallel to) the applied field, measured in Tesla (T). 

a. The parallel orientation is slightly lower in energy and is slightly favored. 

If the sample is irradiated with radiofrequency encrgy of the correct frequency, the 

nuclei of lower energy absorb energy and “spin-flip” to the higher energy state. 

a. The magnetic nuclei are in resonance with the applied radiation. 

b. The frequency of the rf radiation needed for resonance depends on the applied 
magnetic field strength and on the identity of the magnetic nuclei. 
i. Ina strong magnetic field, higher frequency rf energy is needed. 


i. Ata magnetic field strength of 4.7 T, rf energy of 200 MHz is needed to bring 
а 'Н nucleus into resonance, and energy of 50 MHz for С. 


4. Nuclei with an odd number of protons and nuclei with an odd number of neutrons 


show magnetic properties. 


B. The nature of NMR absorptions (Section 13.2). 


1. 


Not all PC nuclei and not all 'H nuclei absorb at the same frequency. 

a, Each magnetic nucleus is surrounded by electrons that set up their own magnetic 
fields. 

b. These small fields oppose the applied field and shield the magnetic nuclei. 
і. Betiective = Bapptied — Biwa. 
ii. This expression shows that the magnetic field felt by a nucleus is less than the 

applred field. 

c. These shielded nuclei absorb at slightly different values of magnetic field 
strength. 

4. А sensitive NMR spectrometer can detect these small diffcrences. 

e. Thus, NMR spectra can be used to map the carbon-hydrogen framework of a 
molecule. 


2. NMR specira. 


a. The horizontal axis shows effective field strength, and the vertical axis shows 
intensity of absorption, 
Each peak corresponds to a chemically distinct nucleus. 

с. Zero absorption is at the bottom. 
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d. Absorptions due to both ЗС and ЇН can't both be observed at the same time 
and are displayed on separate spectra. 

Operation of an NMR spectrometer 

а. А solution of a sample is placed in a thin glass tube between the poles of a 
magnet. 

b. The strong magnetic field causes the nuclei to align in either of the two possible 
orientations. 

c. The strength of the applied magnetic field is varied, holding the rf frequency 
constant. 

d. Chemically distinct nuclei come into resonance at slightly different values of B. 

e. À detector monitors the absorption of rf energy. 

f. The signal is amplified and recorded as a peak. 

Time scale of NMR absorptions. 

а. The time scale (107° s) of NMR spectra is much slower than that of most other 
spectra. 

b. Ifa process occurs faster than the time scale of NMR, absorptions are observed as 

“time-averaged” processes. 

i. NMR records only a single spectrum of the time-averaged process. 

c. NMR can be used to measure rates and activation energies of fast processes. 

1. Because cyclohexane ring-flips are very fast at room temperature, only a 
single peak is observed for equatorial and axial hydrogens at room 
temperature. 

ii. At—90°C, both axial and equatorial hydrogens can be identified. 


C. Chemica} Shifts (Section 13.3). 


1. 


Оп ММК spectra, field strength increases from left (downfield) to right (upfield). 

a. Nuclei that absorb downfield require a lower field strength for resonance and are 
deshielded. 

b. Nuclei that absorb upfield require a higher field strength and are shielded. 

TMS is used as a reference point in both ^C NMR and 'Н NMR. 

a. The TMS (tetramethylsilane) absorption occurs upfield of most other absorptions, 
and is set as the zero point. 

The chemical shift is the position along the x-axis where a nucleus absorbs energy. 

NMR charts are calibrated by using an arbitrary scale — the delta (9) scale. 

a. Oneó equals 1 ppm of the spectrometer operating frequency. 

b. By using this system, all chemical shifts occur at the same value of à, regardless 
of the spectrometer operating frequency. 


. NMR absorptions occur over a narrow range. 


а. !Habsorptions occur 0-10 5 downfield from TMS. 

b. PC absorptions occur 1-220 6 downfield from TMS. 

c. The chances of accidental overlap can be reduced by using an instrument with a 
higher field strength. 
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П. ЗС NMR spectroscopy (Sections 13.4-13.7). 


A. 


Signal averaging and FT (fourier-transform)-NMR (Section 13.4). 
1. The low natural abundance of PC (1.1%) makes it difficult to observe С peaks 
because of background noise. 
2. lf hundreds of individual runs are averaged, the background noise cancels. 
a. This technique takes a long time. 
3. In FT-NMR, all signals are recorded simultaneously. 
a. The sample is irradiated with a pulse of rf energy that covers all useful 
frequencies. 
b. The resulting complex signal must be mathematically manipulated before display. 
c. FT-NMR takes only a few seconds per spectrum. 
4. FT-NMR and signal averaging provide increased speed and sensitivity. 
a. Only a few mg of sample are needed for ^C NMR spectra. 
b. Only a few yg of sample аге needed for ЇН NMR spectra. 


. Characteristics of "C NMR spectroscopy (Section 13.5). 


1. Each distinct carbon shows a single line. 
2. The chemical shift depends on the electronic environment within a molecule. 
a. Carbons bonded to electronegative atoms absorb downfield. 
b. Carbons with sp? hybridization absorb in the range 0—90 8. 
c. Carbons with sp? hybridization absorb in the range 110—220 8. 
1. Carbonyl carbons absorb in the range 160—220 5. 
3. Molecular symmetry reduces the number of absorptions. 
4. Peaks aren't uniform in size and are not integrated. 


. DEPT ?C NMR spectra (Section 13.6). 


1. With DEPT experiments, the number of hydrogens bonded to each carbon can be 
determined. 


2. DEPT experiments are run in three stages. 
а. А broadband decoupled spectrum gives the chemical shifts of all carbons. 
b. A DEPT-90 spectrum shows signals due only to CH carbons. 


с. A DEPT-135 spectrum shows СНз and CH resonances as positive signals, and 
CH» resonances as negative signals. 


Interpretation of DEPT spectra. 


a, Subtract all peaks in thc DEPT-135 spectrum from the broadband-decoupled 
spectrum to find C. 


b. Use DEPT-90 spectrum to identify CH. 
с. Use negative DEPT-135 peaks to identify CH». 
а. Subtract DEPT-90 peaks from positive DEPT—135 peaks to identify CH3. 


me 


. Uses of "C NMR spectroscopy (Section 13.7). 


а. ЗС NMR spectroscopy can show the number of nonequivalent carbons in a 
molecule and can identify symmetry in a molecule. 
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III. ЇН NMR Spectroscopy (Sections 13.83-13.13). 
A. Proton cquivalence (Section 13.8). 
l. 'H NMR can be used to determine the number of nonequivalent protons in a 
molecule. 
2. If itis not possible to decide quickly if two protons are equivalent, replace each 
proton by -X. 
а. Ifthe protons are unrelated, the products formed by replacement are constitutional 
isomers. 
b. Ifthe protons are chemically identical, the same product will form, regardless 
which proton is replaced, and the protons are homotopic. 
c. lf the replacement products are enantiomers, the protons are enantiotopic. 
d. Ifthe molecule contains a chirality center, the replacement products are 
diastereomers, and the protons are diastereotopic. 
B. Chemical shifts in 'H NMR spectroscopy (Section 13.9). 
1. Chemical shifts are determined by the local magnetic fields surrounding magnetic 
nuclei. 


а. More strongly shielded nuclei absorb upficld. 
b. Less shielded nuclei absorb downfield. 
2. Most 'H NMR chemical shifts are in the range 0-10 6. 
a. Protons that are sp?-hybridized absorb at higher field strength. 
b. Protons that are sp^-hybridized absorb at lower field strength. 


c. Protons on carbons that are bonded to electronegative atoms absorb at lower 
field strength. 
3. The !H NMR spectrum can be divided into 5 regions: 
Saturated (0—1.5 б). 
Allylic (1.5—2.5 8). 
Н bonded to C next to an electronegative atom (2.5—4.5 8). 
Vinylic (4.5-6.5 8). 
Aromatic (6.5—8.0 à). 
Ё Aldehyde and carboxylic acid protons absorb even farther downfield. 
C. Integration of 'H NMR signals: proton counting (Section 13.10). 
1. The area of a peak 1$ proportional to the number of protons causing the peak. 
2. Modern NMR instruments provide a digital readout of relative peak areas, although 
older instruments showed a stair-step line. 
D. Spin-spin splitting (Section 13.11). 
1. The tiny magnetic field produced by one nucleus can affect the magnetic field felt by 
a neighboring nucleus. 
2. Protons that have я equivalent neighboring protons show a peak in their 'H NMR 
spectrum that is split into я + 1 smaller peaks (a multiplet). 
3. This splitting is caused by the coupling of spins of neighboring nuclei. 
4. The distance between peaks in a multiplet is called the coupling constant (J). 
a. The value of J is usually 0-18 Hz. 


Dom cog p 
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b. The value of J is determined by the geometry of the molecule and is independent 
of the spectrometer operating frequency. 


c. The value of J is shared between both groups of hydrogens whose spins are 
coupled. 


d. By comparing values of J, it is possible to know the atoms whose spins are 
coupled. 


5. Three rules for spin-spin splitting in 'H NMR: 
a. Chemically identical protons don't show spin-spin splitting. 


b. The signal of a proton with я equivalent neighboring protons is split into a 
multiplet ofn + 1 peaks with coupling constant J. 
c. Two groups of coupled protons have the same value of J. 
6. Spin-spin splitting isn't seen in "C NMR. 
a. Although spin-spin splitting can occur between carbon and other magnetic nuclei, 
the spectrometer operating conditions suppress it. 
b. Coupling between the spins of two {ЗС nuclei isn't seen because of the low 
probability that two '*C nuclei might be adjacent. 
E. Complex spin-spin splitting (Section 13.12). 
1. Attimes the signals in a 'H NMR absorption overlap accidentally. 
2. Also, signals may be split by two or more nonequivalent kinds of protons. 
a. To understand the effect of multiple coupling, it helps to draw a tree diagram. 


b. In this type of multiplet, the peaks on one side of the multiplet may be larger than 
those on the other side. 


i. The larger peaks are on the side nearer to the coupled partner. 
ii. This helps identify the nuclei whose spins are coupled. 
F. !H NMR can be used to identify the products of reactions. (Section 13.13). 
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Solutions to Problems 


-4 
131 Ба 22010 kJ/mol 
Мір m) 


c 30x10! ms, 
y > 


А=- у=187 MHz = 1.87 x 10* Hz 


v 
_ .3.0x10* m/s 
~ 1.87 x10* Hz 
..120x10 * kJ/mol 
d 1.60 


Compare this value with E = 8.0 x 10% kJ/mol for ЇН (given in the text). It takes slightly 
less energy to spin-flip a !"Е nucleus than to spin-flip a ЇН nucleus. 


=1.60 п 


= 7.5 x10^ kJ/mol 


8 
13.2 у=©—22*10 WS: , 390 MHz -3.0x10* Hz 
У 
_ 3.010 т _ 
3.0x10* Hz 
_ 120x 10-^kT/mol 
10 


Increasing the spectrometer frequency from 200 MHz to 300 MHz increases the amount of 
energy needed for resonance. 


1.0m 


E 21.20x10 ^ kJ/mol 


13.3 
b H Сн» а 
\ / 
с=с 
/ \ 
c H Cl 
2-Chloropropene has three kinds of protons. Protons b and c differ because one is cis to the 
chlorine and the other is trans. 
13.4 5=— Observed chemical shift (in Hz) 
| 200 MHz 
1454 Hz 610 Hz 
а) ё=—————=7.27 ô for CHCI b) 82—————-3.056 for CH;CI 
e) 200 MHz : 2 200 MHz А 
(с) 5-623 Н2 .3468forCH,OH (дф 8-559 -5.308 for CH,CI, 
200 MHz 200 MHz Е 
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5- Observed chemical shift (#Hz away from TMS) 


13.5 (а 
(@) Spectrometer frequency in MHz 


Units of à are parts per million. In this problem, 8 = 2.1 ppm 
= Observed chemical shift 

200 (MHz) 
420 Hz = Observed chemical shift 


(b) Ifthe 'H NMR spectrum of acetone were recorded at 500 MHz, the position of 
absorption would still be 2.1 ó because measurements given in ppm or à units are 
independent of the operating frequency of the NMR spectrometer. 


2.1 ppm 


_ Observed chemical shift , 


(c) 2.16= ; Observed chemical shift = 1050 Hz 
500 (MHz) 
13.6 
(a) S (b) к CH 
4 2 ł . plane of 4 е 
NI Cth symmetry 
4 5 2 
3 
Methylcyclopentane j 


1-Methylcyclohexene 
Four resonance lines are 


lin 4 
observed because of symmetry. Seven lines are seen because 


no two catbons are equivalent 


(d) 5 1 


plane ol С= 
symmetry А \2 


(с) 


12-Dimethylbenzene 2-Methyl-2-butenc 


Four resonance lines are seen. Five resonance lines are observed. 
Carbons | and 2 are nonequivalent 
because of the double bond stereo- 
chemistry. 


@ s О ет 
НС, з 4 HCH, 
3 1 C=C 
4 2 2/ ^5 
H34C СНз 


i | Seven resonance lines are seen. 
Five resonance lines are seen. 
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Many other structures can be drawn. 


3 HaC 5 
(а) à 3 2 CH; 4 5 (b) MUN 
! : CH3 4 CHCH2CH2CH3 
4? i AE we 
5 - 7 н.с > НЗС 5 
Two of the 6 carbons are equivalent. 
(с) 3 
HC. 
2 CHCH5CI 
о 

H3C 
3 


Two of the 4 carbons are equivalent. 


Methy! propanoate has 4 unique carbons, and each one absorbs in a specific region of the 
С spectrum. The absorption (4) has the lowest value of 8 and occurs in the -CH3 region 
of the ^C spectrum. Absorption (3) occurs in the -CH2- region. The methyl group (1) is 
next to an electronegative atom and absorbs downfield from the other two absorptions. 
The carbonyl carbon (2) absorbs the farthest downfield. 


ё (ррт) Assignment 


7 9.3 4 
CH3CH»COCH 

d nde eed 21.6 3 

514 | 

174.6 2 


The top spectrum shows all eight PC NMR peaks. The middle spectrum (DEPT-90) 
shows only peaks duc to CH carbons. From the DEPT-90 spectrum, the absorption at 124 
6 can be assigned to the vinyl carbon (5), and the absorption at 68 8 can be assigned to 
the -OH carbon (2). 


The DEPT-135 spectrum shows all but the quaternary carbon (6). which appears in the 
top spectrum at 132 6. The top half of the DEPT-135 spectrum shows absorptions due to 
CH; carbons and CH carbons (which we have already identified). The 3 remaining peaks 
on the top of the DEPT-135 spectrum are due to methyl groups. Although we haven't 
learned enough to distinguish among these peaks, the peak at 23 à is due to carbon (1). 
The other two peaks arise from carbons (7) and (8) (18 à, 26 5). 


The bottom half of the DEPT-135 shows the two CH? carbons. Carbon (3) absorbs at 39 6 
(negative), and carbon (4) absorbs at 24 6 (negative). 
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13.10 


13.11 


Chapter 13 
Carbon Chemical Shift (д) 
8 OH 1 23 
р о 2 68 
д 5 4 2 
7 5 3 | 3 39 (negative) 
-Methyl-5-hepten-2- 
6-Methy1-5-hepten-2-ol 4 Эй (négalve) 
5 124 
6 132 
7,8 18, 26 
Identify the carbons as СНз. CH», СН or quaternary, and use Figure 13.7 to find 
approximate values for chemical shifts. (When an actual spectrum is given, it is easier to 
assign the carbons to the chemical shifts.) Remember: DEPT-90 spectra identify CH 
carbons, and DEPT-135 spectra identify CH» carbons (positive peaks), CH carbons 
(positive peaks already identified), and CH» carbons (negative peaks). Quaternary 
carbons are identified in the broadband-decoupled spectrum, in which all peaks appear. 
Carbon Chemical Shift (6) 1DEPT-90? | DEPT-135? 
Pac 7% С о 1 10—30 по yes (positive) 
2 30—50 no es (negative 
6 4 2 3 160—220 no no 
4 110-150 ves yes (positive) 
5 110-150 no no 
6 10-30 no yes (positive) 
7 50-90 no yes (positive) 
Always start this type of problem by calculating the degree of unsaturation of the 


unknown compound. CiiHis has 4 degrees of unsaturation. Since the unknown 
hydrocarbon is aromatic, a benzene ring accounts for all four degrees of unsaturation. 


Next, look for elements of symmetry. Although the molecular formula indicates 11 
carbons, only 7 peaks appear in the "C NMR spectrum, indicating a plane of symmetry. 
Four of the 7 peaks are due to aromatic carbons, indicating a benzene ring that is 
probably monosubstituted. (Prove to yourself that a monosubstituted benzene ring has 4 
different kinds of carbons). 


The DEPT-90 spectrum shows that 3 of the kinds of carbons in the aromatic ring are CH 
carbons. The positive peaks in the DEPT-135 spectrum include these three peaks, along 
with the peak at 29.5 ò, which is due to a СНз carbon. The negative peak in the DEPT- 
135 spectrum 1s due to a CH» carbon. 


© 2016 Cengage Leming. All Rights Reserved. May not be scanned. copied or duplicated, or posted to a publicly accessible website, in whale or in part. 


13.13 


Structure Determination: Nuclear Magnetic Resonance Spectroscopy 367 


Two peaks remain unidentified aud are thus quaternary carbons; one of them is aromatic. 


At this point, the unknown structure is a monosubstituted benzene ring with a substituent 
that contains CH2, C, and СН; carbons. А structure for the unknown compound that 
satisfies all data: 
СНз 
J \ 


CHa-6— Chg 
CH3 


i 
CH4CH3CH5CH5C —CH5 
2-Bromo-1-hexetie 
CH4CH5CH5CH4C = CH + НВг а= 
or 
CHaCH2CHoCHaCH=CHBr ” 
1 -Bromo- |-hexene 


The two possible products are easy to distinguish by using °C NMR. 2-Bromo-1-hexene, 
the actual product formed, shows no peaks in its DEPT-90 C NMR spectrum because it 
has no CH carbons. The other possible product, 1-bromo-1-hexene, shows 2 peaks in its 
DEPT-90 spectrum. 


First, check for protons that are unrelated (none appear in this problem). Next, look for 
molecules that already have chirality centers. Replacement of a -CH2- proton by X in (d) 
and (е) produces a second chirality center, and the two possible replacement products are 
diastereomers. Thus, the indicated protons in (d) and (e) are diastereotopic. 


Finally, for the other molecules, mentally replace each of the two hydrogens in the 
indicated set with X, a different group. In (а), the resulting products are enantiomers, and 
the protons are enantiotopic. Replacement of the protons in (b) produces two chirality 
centers (the carbon bearing the hydroxyl group is now chiral) and the indicated protons 
are diastereotopic. Replacement of one of the methyl protons in each of the groups in (c) 
produces a pair of double-bond isomers that are diastereomers; these protons are 
diastereotopic. The protons in (f) are homotopic, producing only one signal. 


(a)  enantiotopic (b) diastereotopic (c) diastereotopic 


нс H 


м y —»H H 

H H —» H OH С=с, 
AX ой 

о 
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(d) Diastereotopic 


(e) Diastereotopic 


(f) Нотоќоріс 


Хх ш Е 
O H H 
СНз -—— 
H 
CH3 —— — Н 
13.14 
Kinds of non- Kinds of non- 
Compound equivalent protons Compound equivalent protons 
1 2 2 b 4 4 
(a) CH3CH2Br (b) CHa 
1 2 13° 4 
CH43OCH5CHCHs 
1 2 3 3 2 
(©) CH4CH;CH2NO5 3 (d) E 
4 1 
H CH3 
3 2 
H H 
(е) 3 5 (f) 24 2 1 
HaC, CH,CHo i CHCH 
= 
1 A 3^ | \3 3 
CH3CH> H | H 
The two vinylic protons plane of symmetry 
are nonequivalent. 
13.15 
4 3 
HO H 


М СО 
'O4C 
od *1 


н H 
d 


diastercotopic 


(S)-Malate 


Because (S)-malate already has a chirality center (starred), the two protons next to it are 
diastereotopic and absorb at different values. The 'H NMR spectrum of (S)-malate has 


four absorptions. 
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(а) 
(b) 
(c) 
(d) 
(е) 
(f) 


13.17 


Compound 


Ce6Hi2 
CH3COCH 


СН 
CH;Cb 


OHCCHO 


(CH3)3N 
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3 


Proton 


і 


A v N 


7 


Kind af proton 


secondary alkyl 


methyl ketone 


aromatic 


protons adjacent to two halogens 


aldehyde 


methyl protons adjacent to nitrogen 


à 
1.0 
1.8 
6.1 
6.3 


7.2 
6.8 
3.8 


Kind of proton 
primary alkyl 
allylic 

vinylic 


vinylic (different from 
proton 3) 
aromatic 


aromatic 


ether 


369 


This compound has seven different kinds of protons. Notice that the two protons labeled 


5 are equivalent, as are the two protons labeled 6 because of rotation around the bond 


joining the aromatic ring and the alkenyl side chain. 


Нас <) з p-Aylene 


13.18 


There are two absorptions in the ЇН NMR spectrum of p-xylene. The four ring protons 
absorb at 7.05 6, and the six methyl-group protons absorb at 2.23 à. The peak ratio of 


methyl protons:ring protons is 3:2. 
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© 
13.19 
Compound 
a 1 2 
( ) CHBroCH4 
b 1 2 3 
(b) CH40CH5CH5Br 
1 2 1 
(©) соснснснс 
d 1 
( ) НЗС О 
1 lel 3 4 
CH3CHCOCH2CH3 
е 4 
©) O CHa 
1 el 134 
CH4CH3COCHCH; 
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|< ring 
protons 


Protons 


metirvl 
protons 


Number of 
Adjacent Protons 


1 


нь - 


— ON ш N 


Splitting 


quartet 
doublet 


singlet 
triplet 
triplet 


triplet 
quintet 


doublet 
septet 
quartet 
triplet 


triplet 
quartet 
septet 
doublet 
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Number of 
Compound Protons Adjacent Protons Splittin 
2 2 3 
(f) H H H 1 2 triplet 
Н м 2 1 doublet 
3 1 multiplet 
4 1 multiplet 
1 4 
H H 
2 2 a 
H H H 


The splitting patterns for protons 3 and 4 are complex and are not explained in the text. 


13.20 Calculate the degree of unsaturation, and note the number of peaks to see if symmetry is 
present, 


(a) This compound has no degrees of saturation and only one kind of hydrogen. The 
only possible structure is CH30CH3. 


(6) Again, this compound has no degrees of unsaturation and has two kinds of 
hydrogens. The compound is 2-chloropropane. 


(c) This compound, with no degrees of unsaturation, has two different kinds of 
hydrogen, each of which has two neighboring hydrogens. 


(d) СНО»; one degree of unsaturation and 3 different kinds of hydrogen. 


(а) СНзОСНз (b) T" (с) CICH2CH2O0CH2CH2Cl (d) n 
CH3CHCH4 CH3CH2COCH, 
О or 
il 
CH4COCH3CHa 


13.21 The molecular formula (C4H19O) indicates that the compound has no multiple bonds or 
rings. The 'H NMR spectrum shows two signals, corresponding to two types of 
hydrogens in the ratio 1.50:1.00, or 3:2. Since the unknown contains 10 hydrogens, four 
protons are of one type and six are of the other type. 


The upfield signal at 1.22 6 is due to saturated primary protons. The downfield signal at 
3.49 à is due to protons on carbon adjacent to an electronegative atom — in this case, 
oxygen. 


The signal at 1.23 6 is a triplet, indicating two neighboring protons. The signal at 3.49 6 
is a quartet, indicating three neighboring protons. This splitting pattern is characteristic of 
an ethyl group. The compound is diethyl ether, СНзСН2ОСН2СНз. 
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13.22 


13.23 


Chapter 13 


3 
C CH3Br 
с” 2 (E)-3-Bromo- I-phenyl- 1-propene 
2! 
H 


Coupling of the C2 proton to the C] vinylic proton occurs with J= 16 Hz and causes the 
signal of the C2 proton to be split into a doublet. The C2 proton is also coupled to the two 
C3 protons with / = 8 Hz. This splitting causes each leg of the C2 proton doublet to be 
split into a triplet, producing six lines in all. Because of the size of the coupling constants, 
two of the lines coincide, and a five-line multiplet is observed. 


VM = 16Hz 


42.3 = 8Hz 


СН CH3 


CHa 
HCI » OF a 
Ci 


H 


Focus on the 'H NMR methyl group absorption. In the left product, the methyl group 
signal is unsplit; in the right product, it appears as a doublet. In addition, the right product 
shows a downfield absorption in the 2.5 6 — 4.0 д region due to the proton bonded to a 
carbon that is also bonded to an electronegative atom. If you were to take the 'H NMR 
spectrum of the reaction product, you would find an unsplit methyl group, and you could 
conclude that the product was 1-chloro-1-methylcyclohexane. 
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Visualizing Chemistry 


13.24 
(a) n 4 (b) A Hou H 
i Hae. м A H X. О 
C7 “CHCI ez 
нс н i s 
s = 
| —= НС H 
1. doublet H PN 
2. ере! l. singlet 
Ж. 2. doublet 
i. doublet 
4. doublet 
5. прі 
13.25 None of the hydrogens or carbons are equivalent. 
1Н ММЕ: 5 signals BC NMR: 7 signals 
д 5 
H 
о 
4 
H 
3 >! 
М 3 2 А 
H CH3 


RE IH 
3 3 
О H H O H H 
1 || V / 1 H X / 
НС. 2 „С С. 5 н»с С С 4 
3 *G*S 3074 "od зм. „Ум “сн, 
ZN 27) 
на H а 
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| H Р ! ; р А 
200 150 100 50 0 
Chemical Shitt (8) 


6 4 2 0 
Chemical Shift (5) 


13.27 If you assign А, 5 configurations to the two carbons bonded to the methyl group, it is 
apparent that cis-1, 2-dimethylcyclohexane ts a meso compound. When the cyclohexane 
ring undergoes a ring-flip, the ring passes through an intermediate that has a plane of 
symmetry. Both the С NMR spectrum and the 'H NMR spectrum show 4 peaks. 


mirror 3 3 
4 H H 


inglip N ; 4 
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13.28 (a) Because cysteine has a chirality center, the indicated protons are diastereotopic. 
(b) Imagine replacing first one, then the other, of the indicated protons with a 
substituent X. The two resulting compounds would be enantiomers. The protons are 
thus enantiotopic. 


(a)  diastereotopic (b) 
ES x 
н H 
РУ 
COH 
HS 
S H H 
нм H AE af 
enantiotopic 
Additional Problems 


Chemical Shifts and NMR Spectroscopy 


1329 5 = Observed chemical shift (in Hz) 
200 MHz 


(а) 2.188 (b) 4.786 (c) 7.525 
13.30 8 x 300 MHz = Observed chemical shift (in Hz) 
(а) 30Hz (b  1035Hz (c) 1890 Hz (d) 2310 Hz 


13.31 (a) Since the symbol “ô” indicates ppm downfield from TMS, chloroform absorbs at 
7.3 ppm. 


5 = Observed chemical shift (in Hz) 
Spectrometer frequency in MHz 


(b) 


7.3 ррт = chenucsksnit 7.3 ppm x 360 MHz == chemical shift 
360 MHz 


2600 Hz = chemical shift 


(c) The value of à 1s still 7.3 because the chemical shift measured in 8 is independent of 
the operating frequency of the spectrometer. 


13.32 C NMR absorptions occur over a range of 250 ppm, while 'H NMR absorptions 
generally occur over a range of only 10 ppm. The spread of peaks in ^C NMR is 
therefore much greater, so accidental overlap is less likely. In addition, normal "C NMR 
spectra are uncomplicated by spin-spin splitting, and the total number of lines is smaller. 


13.33 A nucleus that absorbs at 6.50 8 is less shielded than a nucleus that absorbs at 3.20 8 and 


thus requires a weaker applied field to come into resonance. A shielded nucleus feels a 
smaller effective field, and a stronger applied field is needed to bring it into resonance. 
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INMR Spectroscopy 
13.34 
Kinds of non- Kinds of non- 
Compound equivalent protons Compound equivalent protons 
a 1 1 4 b 1" cg 4 4 
(a) НС Сна (0) CH4CH5CH50CH3 
2 2 
3 3 
4 
(с) і f 2 (d) : 6 
2 ыр H 
4 | 1 
2 222 к Ca d 
1 1 | 
н 
6 4 2 
5 
3 
(e) H 5 
2 | 
He 20 4 5 


^L 
C^  ~COsCH2CH3 


— Highest Chemical Shift 


13.35 Lowest Chemical Shift 


Cyclohexane < CHsCOCH3 < CH, НС=СН: < Benzene 


СН. < 
0.23 1.43 2.17 5.30 5.33 7.37 
13.36 E eu р , 
4 
(а) H3 с=с, 3 "a. Nu ч CH 
HC CH3 сн; "m CH3 


BC: 2 absorptions 
lH: | absorption 


(c) T 


BC: 2 absorptions 
ІН: 1 absorption 


13C: 5 absorptions 
(at room temperature) (at room temperature) 


BC: 4 absorptions 


IH: 3 absorptions 


о о 
i 1 H2 

(CH3)3CCCH3 (CHa)4CCCHa 
234 


IH: 2 absorptions 
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(e) 202 (f) НС, „СНз 
H5C CH3 X 


BC: 3 absorptions BC: 3 absorptions 
ІН: 2 absorptions IH: 2 absorptions 
13.37 


(a) (CHC (b) C (c) С) 
О 


13.38 
Number Peak Splitting 
Compound of peaks | Assignment Pattern 
1 2 | doublet (9H) 
(а) (CH4J4CH 2 2 multiplet (1H) 
(dectet) 
| 29 r 1 triplet (3H) 
(b) CH COC 3 2 quartet (2H) 
и "a 3 singlet (3H) 
2 1 
H СНУ 
(e) \ за E 2 1 doublet (6H) 
1/7 82 2 quartet (2H) 
HaC H 
13.39 
Peak Splitting 
Assignment Pattern 
о х 
И ыл : triplet кы, 
CH3CH5COCH(CH3) quartet (2H) 
3 septet (1H) 
4 doublet (6H) 
13.40 (a) enantiotopic (b) diastereotopic (c) diastereotopic 
H CI 
O H OH ` 
Ac Ae н нн, н 
— H H-— —» Н H-*— x 
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13.41 


13.42 


13.43 


Chapter 13 


Refer to Problem 13.13 for help. The protons in (c) are diastereotopic because the 
molecules that result from replacement of the indicated hydrogens are diastereomers 
(prove it to yourself with models). 


(a) homotopic (b) enantiotopic (c) diastereotopic 
Н — H — 
CI C p HaC A 
: ‘ СН? 
Н —- H -——— Нос --— — 


Use of "C NMR to distinguish between the two isomers has been described in the text in 
Section 13.7. ІН NMR can also be useful. 


A 8 


Isomer А has only four kinds of protons because of symmetry. Its vinylic proton 
absorption (4.5—6.5 8) represents two hydrogens. Isomer B contains six different kinds of 
protons. Its 'H NMR shows an unsplit methyl group signal and one vinylic proton signal 
of relative area 1. These differences make it possible to distinguish between A and B. 


First, check each isomer for structural differences that are recognizable in the 'H NMR 
spectrum. If it’s not possible to pick out distinguishing features immediately, it may be 
necessary to sketch an approximate spectrum of each isomer for comparison, 


(a CH;sCH=CHCH2CHs has two vinylic protons with chemical shifts at 5.4—5.5 8. 
Because ethylcyclopropane shows no signal in this region, it should be easy to 
distinguish one isomer from the other. 


(b CH3sCH2OCH2CH3 has two kinds of protons, and its ЇН NMR spectrum consists of 
two peaks — a triplet and a quartet. CH30CH2CH2CHs3 has four different types of 
protons, and its spectrum is more complex. In particular, the methyl group bonded 
to oxygen shows an unsplit singlet absorption. 

(c) Each compound sbows three peaks in its 'H NMR spectrum. The ester, however, 
shows a downfield absorption due to the ~CH2— hydrogens next to oxygen. No 
comparable peak shows in the spectrum of the Кеюпе, 


© 2016 Cengage Learnmg. All Rights Reserved. May not he scanned. copied or duplicated, or posted te a publicly accessible website, in whole or in part. 


Structure Determination: Nuclear Magnetic Resonance Spectroscopy 379 


i i 
CH,COCH.CH., CH3CH2CCH5 


8 6 4 2 о 8 6 4 2 G 
Chemical Shift i Chemical Shift (3 
(d) Each isomer contains four different kinds of protons — two kinds of methyl protons 


and two kinds of vinylic protons. For the first isomer, the methyl peaks are both 
singlets, whereas for the second isomer, one peak is a singlet and one is a doublet. 


13.44 
7 о 1 N 
Sh. des call ud (b) НС Н) 
(CHg)2CHCCH с=с > 2.3 
1 = 0.95 8 (isopropyl group) Br н . 
2 = 2.10 8 (methyl ketone) x 
E ; | = 2.32 6 (methy! group attached to 
3 = 2.43 6 (isopropyl group) double bond) 
2,3 = 5.35 0, 5.54 à {vinylic Н) 
13.45 
(а) CH3 (b) çi 


| 
CHaCHCH,Br CH3CHCH3CHsCI 


13С NMR Spectroscopy 


13.46 
" CH3 
CH3 ERE е9 
CH Аш 
H 3 PAN aua H 
H / 
СНз Н . р H3C 2 : 

N гіпе- р N ring-flip 
cis- 1.3-Dimethyl- H3C Т H CH, 
cyclohexane 

H CH; CH3 H 


irans-} 3-Dimethyleyclohexane 
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cis- 1,3-Dimethylcyclohexane is a meso compound. Because of symmetry, it shows 
Sabsorptions in its "C NMR spectrum. frans-1,3-Dimethylcyclohexane exists as a pair of 
enantiomers, which, at room temperature, undergo ring-flips that average the absorptions 
due to nonequivalent carbons. Like the cis isomer, the racemic mixture of trans 
enantiomers shows 5 absorptions in its C spectrum. 


13.47 — 13.48 
Number | Carbons Showing Peaks in DEPT-135 "C NMR 
of ^C Spectrum 


Compound Absurptions | Positive Peaks | Negative Peaks — No Peaks 


1 1 
(a) HaC CH, 5 сагроп 1 carbons 3,4,5 carbon 2 
3 3 
4 4 
5 
ES 3 ; 
(b) CH4 H;0CH; carbons 1.3 carbon 2 
(c) 1 6 carbons 1,3 carbons 4,5,6 carbon 2 
СНз 
ME NS 
HaC — C;- CHs 
4 4 
5 5 
6 
(d) En 6 carbons 1,3,4,6 carbon 5 carbon 2 
3 


6 54 2 1 
CH4CH5CHC =CH 


(e) 1 1 4 carbons 1,2 carbons 3,4 
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Carbons Showing Peaks in DEPT-135 ^C NMR 
Number Padum 
of BC I .SSDPODHM а, 
__ Compound Absorptions | Positive Peaks __ Negative Peaks — No Peaks 


(f) 2 О 4 carbons 2,3,4 carbons 1 


13.49 Either 'H NMR ог PC NMR can be used to distinguish among these isomers. In either 
case, it is first necessary to find the number of different kinds of protons or carbon atoms. 


Kinds of — Kinds of Carbon Number of 'H Number of °C 


Compound Protons atoms NMR peaks NMR peaks 
P [ І l i 

HC — CH, 

HəC=CHCH CH} 5 4 5 4 
CH3CH=CHCH, 2 2 2 2 
(СНз)2С=СНЬ 2 3 2 3 


ЗС NMR is the simplest method for identifying these compounds because each isomer 
differs in the number of absorptions in its ^C NMR spectrum. 'H NMR can also be used 
to distinguish among the isomers because the two isomers that show two ІН NMR 
peaksdiffer in their splitting patterns. 


13.50 
Number of Peaks Distinguishing Absorptions 
Q 
PE 7 Two vinylic peaks 
| 'H 5  Unsplit vinylic peak, relative area 1 

CH3 

| ЗС 5 Опе vinylic peak 
1H 4 Split vinylic peak, relative area 2 


иб, 
о 

/ 

O 

Е 

оз 


The two isomers have different numbers of peaks in both 'H ММК and C NMR. In 
addition, the distinguishing absorptions in the vinylic region of both the 'H and "C 
spectra make it possible to identify each isomer by its NMR spectrum. 
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The ketone IR absorption of 3-methyl-2-cyclohexenone occurs near 1690 ст! because 
the double bond is one bond away from the ketone group. The ketone IR absorption of 3- 
cyclopentenyl methyl ketone occurs near 1715 сп ', the usual position for ketone 


absorption. 
13.51 
Carbon д (ppm) 
1 14 
" 2 61 

A ЗС 2 1 3 166 

5 
Ы Ethyl benzoate 6 127-133 (4 peaks) 

6 

7 


General Problems 


13.52 (a),(b) C3H6O contains one double bond or ring. Possible structures for CsH6O 


include: 
Ho? — CHo О 
| | IN 
H4C—O H5C —CHCH, HC — CHOCH; 
Cyclic ether Cyclic ether Ether, double bond 
Q Q 
НС. _ || || 
HoC — CHCH;OH Bee CH4CCH3 CH3CHoCH 
HC 
Alcohol. double bond Cyclic alcohol Ketone (acetone) Aldehyde 


(c) Saturated ketones absorb at 1715 ст! in the infrared. Only the last two compounds 


above show an infrared absorption in this region. 

(d) Because фе aldehyde from part (b) has three different kinds of protons, its ЇН NMR 
spectrum shows three peaks. The ketone, however, shows only one peak. Since the 
unknown compound of this problem shows only one 'H NMR absorption (in the 


methyl ketone region), it must be acetone. 


13.53 The unknown compound has no degrees of unsaturation and has two different kinds of 
hydrogens. The unknown compound is BrCH2CH2CH2Br. 
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13.54 Possible structures for СаН7СЮ? (one degree of unsaturation) are CH1CHoCO?CH:CI 
and CICHzCOoCH;CH:. Chemical shift data can distinguish between them. 


13.55 


il 
CH4CH5COCH5CI 
А 


|| 
CICH2COCHaCHs 


B 


In A, the protons attached їо the carbon bonded to both oxygen and chlorine (COCH?CI) 
are expected to absorb far downfield (5.0--6.0 5). Because no signal is present in thts 
region of the 'H NMR spectrum given, the unknown must be B. In addition, the quartet 
absorbing at 4.26 à is typical of à СН» group next to an electronegative atom and coupled 


with a methyl group. 


| = 2.18 6 (allylic) 
2 = 4.16 à (H,C! bonded to same C) 
3 = 5.710 (vinylic) 


О 
(c) 3 2l 1 
BrCHaCHoC CH 


| = 2.11 6 (next to С=О) 
2 = 3.52 à (next to C=O, Br) 
3 = 4.40 6 (H,Br bonded to same C) 


1 = 1.30 6 (saturated) 
2 = 7.30 5 (aromatic) 


d) 2-4 3 
(O ei CH CHBr 


— 


| = 2.156 

2 = 2.75 6 (benzylic) 

3 = 3.38 ô (H,Br bonded to same C) 
4 = 7.22 6 (aromatic) 


The Е isomer is also a satisfactory answer 


In (b) and (d), thc aromatic ring hydrogens coincidentally have the same chemical 


shift. 
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13.56 
CH30, 
Oe 
Нас = С, 
Hp 
Proton « Proton 5 Proton с 
3088 4326 6.35 8 
dig = 3 He = = 7 Hz 
А: = | Hz = ‚= | Hz 


" ` ОВ гє - 

ot + - Е БЕЯ " НА n 

i :| Er FOX PON dS EO n n GA 
. zx n E NU uA мое s ipa ` LF 2 Of LS 


>. 


13.57 Compound А (4 multiple bonds and/or rings) must be symmetrical because it exhibits 
only six peaks in its ЗС NMR spectrum. Saturated carbons account for two of these 
peaks (6 = 15, 28 ppm), and unsaturated carbons account for the other four (6 = 119, 129, 
131, 143 ppm). 


ІН NMR shows a triplet (3 Н at 1.20 $), and a quartet (2 Н at 2.58 б), indicating the 
presence of an ethyl group. The other signals (4 H at 7.07 ô 7.39 6 are due to 


aromaticprotons. 
x osos A 
(a) 9 (b) СНз (с) CH2CH2Br 
CH3CH3CH>CCH3 
Br 


13.59 The peak in the mass spectrum at m/z = 84 is probably the molecular ion of the unknown 
compound and corresponds to a formula of CeHi2 — one double bond or ring. The base 
peak, at m/z = 55, corresponds to the loss of an ethyl group. 


13.58 


13C NMR shows three different kinds of carbons and indicates a symmetrical 
hydrocarbon. The absorption at 132 6 is due to a vinylic carbon atom. A reasonable 
structure for the unknown is 3-hexene. The data do not distinguish between cis and trans 
isomers. 

CHsCH2CH=CHCH2CH; 3-Hexene 
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13.60 Compound А. a hydrocarbon having M* = 96, has the formula СН", indicating two 
degrees of unsaturation. Because it reacts with BH», Compound А contains a double 
bond. From the broadband decoupled ЗС NMR spectrum, we can see that СтНі2 is 
symmetrical, since it shows only five peaks. 


The DEPT-135 spectrum of Compound A indicates three different СН» carbons, one 
—CH2 carbon and one -C= carbon: the last two carbons are shown to be sp^-hybridized 
by their chemical shifts. In the DEPT-135 spectrum of Compound B, the absorptions due 
to double bond carbons have been replaced by a CH carbon and a CH» carbou bonded to 
anelectronegative group. 


1 
1 


5 26,8 6,28. 7 6 


CHOH 
: 1. ВНЗ. THF 4 H 
= 
5 3 2. НО. OH 5 3 
4 4 

Compound A Compound B 

| 106.9 6 | 68.25 

2 149.7 à 2 40.55 

3 35.75 3.4.5 2994.20.16. 26.9 8 


` 


4 


13.61 The IR absorption indicates that C is an alcohol. From М, we can arrive at a molecular 
formula of CsHivO, which indicates one degree of unsaturation, The broadband- 
decoupled spectrum shows five peaks; two are due to a double bond, and one is due to a 
carbon bonded to an electronegative atom (O). 


The DEPT spectra show that С contains 4 CH» carbons and one CH carbon, and that C 
has a monosubstituted double bond. HOCH2CH2CH:>CH=CH: is a likely structure for C. 


13.62 Compound D is very similar to Compound С. The DEPT spectra make it possible to 
distinguish between the isomers. D has 2 CH carbons, one СН» carbon, and 2 СН: 
carbons, and, like C, has a monosubstituted double bond. The peak at 74.4 à is due to 
asecondary alcohol. 

rd 
CH3CH5CHCH — CH» Compound D 


13.63 Compound E, C7H1202, has two degrees of unsaturation and has two equivalent carbons 
because its broadband-decoupled spectrum shows only 6 peaks. Two carbons absorb in 
the vinylic region of the spectrum; because one is a CH carbon and the other is a CH2 
carbon, E contains a monosubstituted double bond. The peak at 165.8 à (not seen in the 
DEPT spectra) is due to a carbonyl group. 
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Carbon & (рр) 
1 
| 19.1 
9 СНз 2 280 
Н2С==СНСОСН»СНСН. 3 70.5 
6 54 3 21 4 165.8 
5 129.8 
Compound Е б 129.0 
13.64 
NC. 22 
1 НВг H 
4 ———— 
1 Br 
3 2 3 2 
Compound F Compound G 
Carbon 6 (ppm) Carbon — ó (ppm) 
| 132.4 І 56.0 
2 32.2 2 39.9 
34 4 29.3 34 d 27.7 
DER C * 25.1 


13.65 Make a model of one enantiomer of 3-methyl-2-butanol and orient it as a staggered 
Newman projection along the C2-C3 bond. The S enantiomer is pictured. 


Нас сн» 


Because of the chirality center at C2, the two methyl groups at the front of the projection 
are diastereotopic. Since the methyl groups aren't equivalent, their carbons show slightly 
different signals in the ^C NMR. 


13.66 Commercial 2,4-pentanediol is a mixture of three stereoisomers: (R,R), (5,5), and (R,5). 
The meso isomer shows three signals in its ?C NMR spectrum. Its diastereomers, ће R,R 
and 5,5 enantiomeric pair, also show three signals, but two of these signals occur at 
different 5 values from the meso isomer. This is expected, because diastereomers differ in 
physical and chemical properties. One resonance from the meso compound accidentally 
overlaps with one signal from the enantiomeric pair. 
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13.69 


13.70 


13.71 
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The product (M*= 88) has the formula C4HxO». The IR absorption indicates that the 
product is an ester. The ЇН NMR shows an ethyl group and ап -OCH3 group. 


О 
CH4CH co E ua CH4CH dm 
oe H* catalyst we 3 
The product is a methyl ketone. 
Q 
ОВЕН 1. CH3MgBr I 
EN бы CHCCH 
3 | 2. H,0* CH3 i 3 
CH3 CH3 


Ethyl 2-nitropropanoate 
О 
“(Г ocon, 
МО» 
3-Methyl-3-buten-1-0l 


ep 


Prenyl acetate (3-methyl-2-butenyl ethanoate) 


p 
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Review Unit 5: Spectroscopy 


Major Topics Covered (with vocabularv): 


Mass Spectrometry: 
cation radical mass spectrum base peak double-focusing mass spectrometer molecular ion 
alpha cleavage McLafferty rearrangement dehydration MALDI ESI TOF mass analyzer 


The Electromagnetic Specirum: 
electromagnetic radiation wavelength frequency hertz amplitude quanta absorption 
spectrum 


Infrared Spectroscopy. 

wavenumber fingerprint region 

Nuclear Magnetic Resonance Spectroscopy: 

nuclear magnetic resonance rfenergy effective magnetic field shielding downfield upfield 
chemical shift delta scale FT-NMR DEPT "C NMR homotopic enantiotopic 
diastereotopic integration multiplet spin-spin splitting coupling n+ 1 гше coupling 
constant tree diagram 


Types of Problems: 
After studying these chapters, you should be able to: 


-  J Write molecular formulas corresponding to a given molecular ion. 


- Use mass spectra to determine molecular weights and base peaks, to distinguish between 
hydrocarbons, and to identify selected functional groups by their fragmentation patterns. 


- Calculate the energy of electromagnetic radiation, and convert from wavelength to 
wavenumber and vice versa. 


- Identify functional groups by their infrared absorptions. 
- Use IR and MS to monitor reaction progress. 


- Calculate the relationship between delta value, chemical shift, and spectrometer operating 
frequency. 


- Identify nonequivalent carbons and hydrogens, and predict the number of signals appearing 
in the 'Н NMR and PC NMR spectra of compounds, 


- Assign resonances to specific carbons or hydrogens of a given structure. 

- Propose structures for compounds, given their NMR spectra. 

- Predict splitting patterns, using tree diagrams if necessary. 

- Use NMR to distinguish between isomers and to identify reaction products. 
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Points to Remember: 


* 


In mass spectrometry, the molecular ion is a cation radical. Further fragmentations of the 
molecular ion can be of two types — those that produce a cation plus a radical, and those 
that produce a different cation radical plus a neutral atom. In all cases, the fragment 
bearing the charge — whetber cation or cation radical — is the one that is detected. 


Although mass spectrometry has many uses in research, we are interested in it for only a 
limited amount of data. Thc most important piece of information it provides for us is the 
molecular weight of an unknown. A mass spectrum can also show if an unknown is 
branched or straight-chain (branched hydrocarbons have more complex spectra than their 
straight-chain isomers). Finally, if we know if certain groups are present, we can obtain 
structural information about an unknown compound. For example if we know that a ketone 
is present, we can look for peaks that correspond to alpha cleavage and/or McLafferty 
rearrangement fragments. 


The position of an IR absorption is related to both the strength of the bond and to the 
nature of the two atoms that form the bond. For example, a carbon-carbon triple bond 
absorbs a higher frequency than a carbon-carbon double bond, which absorbs at a higher 
frequency than a carbon-carbon single bond. Bonds between two atoms of significantly 
different mass absorb at higher frequencies than bonds between two atoms of similar mass. 


Not all IR absorptions are due to bond stretches. Many of the absorptions in the fingerprint 
region of an IR spectrum are due to bending and out-of-plane motions. 


It is confusing, but true, that larger 6 values in an NMR spectrum are associated with 
nuclei that are less shielded, and that these nuclei require a lower field strength for 
resonance. Nuclei with small values of 6 are more shielded and require a higher field 
strength for resonance. 


Both С NMR and 'H NMR are indispensable for establishing the structure of an organic 
compound. C NMR indicates if a molecule is symmetrical and shows the types of 
carbons in a molecule (by DEPT NMR). 'Н NMR shows how the carbons are connected 
(by spin-spin splitting) and how many protons are in the molecule (by integration). Both 
types of spectra show (by chemical shift) the clectronic environment of the magnetic 
nuclei. 


Self-Test: 


Compound А is a hydrocarbon with M* = 78. What is its molecular formula? What is its 
degree of unsaturation? Draw three possible formulas for A. The "C NMR spectrum of A 
shows 3 peaks — at 18.5 5, 69.4 8 and 82.4 ё, and the ЇН NMR spectrum shows two peaks. 
What is the structure of A? What significant absorptions would you see in the IR spectrum 
of A? 


Compound B has the molecular formula CsH14, and shows 3 peaks in its ‘Н NMR 
spectrum — at 1.76 (6H), 2.1 6 (4H) and 4.7 à (4H). All 3 peaks are singlets. B also shows 
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an IR absorption at 890 ст! What is a possible structure for B? If you'tc still not sure, the 
following peaks were observed in the "C NMR spectrum of B: 22 à, 36 б, 110 à, 146 à. 
The peaks at 36 6 and 110 6 were negative signals in the DEPT-135 spectrum, and the peak 
at 22 8 was a positive signal. 


Compound С is a hydrocarbon with M* = 112. What are possible molecular formulas for 
C? The five peaks in the 'H ММК spectrum of С are all singlets and occur at the following 
ò values: 0.9 8 (9 Н), 1.8 6 (3 Н), 1.98 (2 Н). 4.6 8 (1 H) and 4.8 6 (1 H). An IR absorption 
at 890 cm ! is also present What is the structure of C? 


| 
CH3CH3CCH5O0H 
D 
Describe ће С NMR and ЇН NMR spectra of D. For the Н NMR spectrum, include the 
spin-spin splitting patterns, peak areas, and positions of the chemical shifts. Give two 


significant absorptions that you might see in the IR spectrum. Would you expect to see 
products of McLafferty rearrangement in the mass spectrum of D? Of alpha cleavage? 
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Multiple choice: 


1. Which of the following formulas could not arise from a compound with M* = 142 that 
contains C, H, and possibly O? 
(a) СиНю (b) CioHsO. (c) CoHisO. (d) CeHi402 


2. Which of the following mass spectrum fragments is a cation, rather than a cation radical? 
(a) molecular ion 
(b) product of alpha cleavage 
(c) product of McLafferty rearrangement 
(d) product of dehydration of an alcohol 


3. Which element contributes significantly to (M--1)? 
(а) М (Н (oC (dO 


4. № which type of spectroscopy is the wavelength of absorption the longest? 
(а) NMR spectroscopy (Б) infrared spectroscopy (с) ultraviolet spectroscopy 
(d) X-ray spectroscopy 


5. Which functional group is hard to detect in an IR spectrum? 
(а) aldehyde (b)-C2CH (c)alcohol (d) ether 


6. ІК spectroscopy is especially useful for: 
(a) determining if an alkyne triple bond is at the end of a carbon chain or is in the middle 
(b) predicting the type of carbonyl group that is present in a compound 
(c) deciding if a double bond is monosubstituted or disubstituted 
(d) all of these situations 


7. Ifa nucleus is strongly shielded: 

(a) The cffective field is smaller than the applied field, and the absorption is shifted 
downfield. 

(b) The effective field is larger than the applied field, and the absorption is 
shifted upficld. 

(с) The effective field is smaller than the applied field, and the absorption is shifted 
upfield. 

(d) The effective field is larger than the applicd field, and the absorption is shifted 
downfield. 


8. When the operating frequency of an 'H NMR spectrometer is changed: 
(a) The value of chemical shift in д and of the coupling constant remain the same. 
(b) The values of chemical shift in Hz and of the coupling constant change. 
(c) The value of chemical shift in Hz remains the same, but the coupling constant 
changes. 
(d) The values of chemical shift in 8 and of the coupling constant change. 
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9. "С NMR can provide all of the following data except: 
(a) he presence or absence of symmetry in a molecule 
(b) the connectivity of the carbons in a molecule 
(c) the chemical environment of a carbon 
(d) the number of hydrogens bonded to a carbon 


10. Which kind of carbon is detected in DEPT-90 ?C NMR spectroscopy? 
(a) primary carbon (b) secondary carbon (c) tertiary carbon (d) quaternary carbon 


11. The protons on carbon 3 of (X)-2-bromobutane are: 
(а) homotopic (b)enantiotopic (с) diastereotopic (d) unrelated 
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Chapter Outline 


L Conjugated Dienes (Sections 14.1-14.6). 
А. Preparation and stability of conjugated dienes (Section 14.1). 
Base-induced elimination of allylic halides is the most common method. 
The C2-C3 bond length of 1,3-butadiene is 6 pm shorter than a C-C single bond. 
Stability of conjugated dienes. 


1. 
2. 
3. 


a. 


b. 


Heats of hydrogenation show that conjugated dienes are somewhat more stable 
than nonconjugated dienes. 

Because conjugated dicnes аге more stable and contain less energy, they release 
less hcat on hydrogenation. 


Molecular orbital description of 1,3-butadiene. 


a. 


b. 


The stability of 1,3-butadiene may be due to the greater amount of s character of 

the C-C single bond between the double bonds. 

Molecular orbital theory offers another explanation. 

i. If we combine 4 adjacent p orbitals, we generate a set of 4 molecular orbitals. 

ii. Bonding electrons go into the lower two MOs. 

iii. The lowest MO has a bonding interaction between C2 and C3 that gives that 
bond partial double-bond character. 

iv. The z electrons of butadiene are delocalized over this entire z framework. 


В. Reactions of conjugated dienes (Sections 14.2—14.6). 
Electrophilic addition to conjugated dienes (Sections 14.2-14.3). 


1. 


а. 


Conjugated dienes react in electrophilic addition reactions to give products of 

both 1,2-addition and 1,4-addition (Section 14.2). 

i. Addition of an electrophile gives an allylic carbocation intermediate that is 
resonance-stabilized. 

ii. Addition of the nucleophile in the second step of the reaction can occur at 
either end of the allylic carbocation to yield two products. 

The ratio of products can vary if the reaction is carried out under conditions of 

kinetic control or of thermodynamic control (Section 14.3). 

i. Under conditions of kinetic control (lower temperature), the product whose 
formation has the lower energy of activation forms in greater amounts. 

ii. Under conditions of thermodynamic control (high temperature), the more 
stable product (the product whose formation has a larger negative value of 
AG?) forms in greater amounts. 

iii. In electrophilic addition reactions of conjugated dienes, the 1,2 (kinetic) 
adduct forms preferentially at low T, and thc 1,4 (thermodynamic) adduct 
forms preferentially at high temperature. 


2. The Diels-Alder cycloaddition reaction (Sections 14.4—14.5). 


a. 


How the reaction occurs (Section 14.4). 

i. A diene can react with certain alkenes to form a cyclic product. 

ii. This reaction, the Diels—Alder reaction, forms two new С-С bonds in a single 
step. 
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ij. The reaction occurs by a pericyclic mechanism, which takes place in a step by 
a cyclic redistribution of electrons. 

iv. In the reaction, c overlap occurs between the two alkene p orbitals and the two 
p orbitals on carbons | and 4 of the diene. 

v. The two alkene carbons and C1 and C4 of the diene rehybridize from sp? to 
sp’, and C2 and C3 of the diene remain sp? hybridized. 

The dienophile (Section 14.5). 

i. The dienophile must have an electron-withdrawing group and maycontain a 
triple bond. 

ii. The stereochemistry of the dienophile is maintained during the reaction. 

iii. Only endo product is formed because orbital overlap is greater in the 
transition state than for exo product. 
(а) A substituent in a bicyclic ring system is endo if it is syn to thel arger of 

the other two bridges. 

The diene. 

i. А diene must adopt an s-cis (“cis-like”) conformation in order to undergo the 
Diels—Alder reaction. 

п. Some dienes can rotate to achieve an s-cis conformation; those that are rigid 
can't react. 

iii. Dienes that have fixed s-cis geometry are very reactive. 


3. Diene polymers (Section 14.6). 


a. 


Like simple alkenes, conjugated dienes can polymerize. 

i. Because double bonds remain in the polymer, cis-trans isomerism is possible. 
и. Polymerization can be initiated by either a radical от by acid. 

iti. Polymerization occurs by 1,4-addition. 

Natural rubber 15 a polymer of isoprene with Z double-bond stereochemistry, and 
gutta-percha 15 a polymer of isoprene with Е double-bond stereochemistry. 
Synthetic rubber and neoprene (a polymer of chloroprene) are also diene 
polymers. 

Rubber needs to be hardened by vulcanization. 

i. Heating rubber with sulfur forms cross-links that lock the chains together. 
Rubber’s ability to stretch and contract is due to the irregular shapes of the 
polymer chains. 


П. Ultraviolet spectroscopy (Sections 14.7—14.9). 
A. Principles of ultraviolet spectroscopy (Section 14.7). 
1. The ultraviolet region of interest is between the wavelengths 200 nm and 400 nm. 
2. The energy absorbed is used to promote а л electron in a conjugated system from a 
lower-energy orbital to a higher energy orbital. 
B. Ultraviolet spectrum of 1,3-butadiene. 


1. When 1,3-butadiene is irradiated with ultraviolet light, a л electron is promoted from 
the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 
orbital (LUMO). 
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2. UV radiation of 217 nm is necessary to promote this transition. 
3. This transition is known as ал — л* transition. 
C. The ultraviolet spectrum. 

1. A UV spectrum is a plot of absorbance (А) vs. wavelength in nanometers. 
a. The absorbance is А = log [F/I]. 
b. I intensity of incident light. 
c. I= intensity of transmitted light. 
d. The baseline is zero absorbance. 

2. Fora specific substance, А is related to the molar absorptivity (=). 


a. Molar absorptivity, characteristic of a specific compound, is the absorbance of a 
sample whose concentration is 1 mol/L with a path length of | cm. 


b. A=excxi, 
с. The range ofe is 10,000 — 25,000 L/mol:cm. 
3. UV spectra usually consist of a single broad peak, whose maximum is Amax. 
D. Interpreting UV spectra (Section 14.8). 


1. The wavelength necessary for a л — л* transition depends on the energy difference 
between HOMO and LUMO. 


2. By measuring this difference, it is possible to learn about the extent of conjugation in 
a molecule. 


3. As the extent of conjugation increases, Amax increases. 
4. Different types of conjugated systems have characteristic values of Amax. 
E. Conjugation, color, and the chemistry of vision (Section 14.9). 


1. Compounds with extensive systems of conjugated bonds absorb in the visible range 
of the electromagnetic spectrum (400 — 800 nm). 


2, When “white light" strikes a conjugated molecule, the wavelength needed for 
excitation is absorbed, and all other light is transmitted. 
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14.1 


14.2 


14.3 


Chapter 14 


Solutions to Problems 


We would expect AHhyarog = —126 + (7126) = —252 kJ/mol for allene if the heat of 
hydrogenation for each double bond were the same as that for an isolated double bond. 
The measured AHhydrog , 298 kJ/mol, is 46 kJ/mol more negative than the expected 
value. Thus, allene is higher in energy (less stable) than a nonconjugated diene, which in 
turn is less stable than a conjugated diene. 


CH4CH — CHCH — CH5 | .3-Pentadiene 
Product Name Results front: 
Сі 
CH4CH = CHCHCH4 4-Chloro-2-pentene 12 addition 
Cl 1 4 addition 
| 
CH4CH5CHCH = СН» 3-Chloro- | -pentene 12 addition 
CH3CHaCH — CHCH5CI I-Chloro-2- pentene 1.4 addition 
5+ ot Ты Ты St Ln at 
CH3CHsCH —CH — CH, =  CH4CH CH —CHCH; 
D  protonation N d protonation А 
on carbon + on carbon ! 
: CH34CH == CHCH = CH» | 
protonation ; protonation 
" on carbon 3 с X ,on carbon 2 К 
204 H H и 
CH3CHCH5CH — CH; CH4CH — CHCH5CH; 
C B 


A and D, which are resonance-stabilized, are formed in preference to B and С, which are 
not. The positive charge of allylic carbocation A is delocalized over two secondary 
carbons, while the positive charge of carbocation D is delocalized over one secondary 
and one primary carbon. We therefore predict that carbocation A is the major 
intermediate formed, and that 4-chloro-2-pentene predominates. Note that this product 
results from both 1.2 and 1,4 addition. 
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14.4 


Br 


14.5 


Br 
| Г + + 
CH3CHCH = CH» === CH4CHCH — CH; ж CH4CH— онон; === СНаСН = CHCH Br 


3-Bronto-1-butene + Br 1 -Bromo-2-butene 
(1.2 adduct) (1,4 adduct) 


Allylic halides can undergo slow dissociation to form stabilized carbocations 
(Sn'reaction). Both 3-bromo-1-butene and 1-bromo-2-butene form the same allylic 
carbocation, pictured above, on dissociation. Addition of bromide ion to the allylic 
carbocation then occurs to form a mixture of bromobutenes. Since the reaction is run 
under equilibrium conditions, the thermodynamically more stable 1-bromo-2-butene 
predominates, 


14.6 
X 


л | 


1,2 | 
yo носене =бн„ monosubstituted double bond 
X 


Н>С==СНСН ==СНЬ + Xs 


X 
\ 14 aes — 
HoCCH PUES disubstituted double bond 


X 


1,4 adducts are more stable than 1,2 adducts because disubstituted double bonds are more 
stable than monosubstituted double bonds (sce Chapter 7). 


14.7 Draw the reactants in an orientation that shows where the new bonds will form. Form the 
new bonds by connecting the two reactants, removing two double bonds, and relocating 
the remaining double bond so that it lies between carbon 2 and carbon 3 of the diene. The 
substituents on the dienophile retain their trans relationship in the product. The product is 
a racemic mixture. 
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14.9 


Chapter 14 
OCH; | pers Hi 
p H : a G H p 
ч 22 о? rod i 27 Еки NOCH 
= |} » : |! | ыыр » 
C i = -:С ых 
An H” Ging PN um d ^c ін 
i І 3 


Good dienophiles have an electron-withdrawing group conjugated with a double bond. 


Good dienophiles: (а) 9 (d) о 
H5C —CHCCI 


Jj 


? € @ © 
HoC — CHCH5CHSCOCH; | 
P 


Compound (a) and (d) are good dicnophiles because they have electron-withdrawing 
groups conjugated with a carbon-carbon double bond. Alkene (c) is a poor dienophile 


Poordienophiles: (Б) 


because it has no electron-withdrawing functional group. Compounds (b) and (e) are poor 


dienophiles because their electron-withdrawing groups are not conjugated with the 
double bond. 


(a) This diene has an s-cis conformation and should undergo Diels-Alder 
cycloaddition. 

(b) This diene has ал s-trans conformation. Because the double bonds are in a fused 
ring system, it is not possible for them to rotate to an s-cis conformation. 

(c) Rotation can occur about the single bond of this s-trans diene. The rcsulting s-cis, 


however, has an unfavorable steric interaction of a methyl group with a hydrogen at 


carbon 1. Rotation to the s-cis conformation is possible but not favored. 


tH. „н 
CH, H н С 
КИ qs f 
RES MM e 
Hid TOU SH; нас” id ^H 
H H 
s-trans S-ClN 
(more stable) (less stable) 
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14.10 Rotation of the diene to the s-cis conformation must occur in order for reaction to take 
place. 


№ as vis. 


s-Arans 515 


14.11 The initiator may be either a radical or a cation. Diene polymerization is а 1,4 addition 
process that forms a polymer whose monomer units have a 4 carbon chain that contains a 
double bond every 4 bonds. 


14.12 

P t di d Е eZ —— p 

pM x catalyst 

Pes 4 aM E ——— —» PU eic 
14.13. 


200 nm = 200 x 10^m-2x 107m 
400 nm = 400 x 10 ^m = 4 x 107m 
forA-2x 10 m: 
1.20 x 10“ kJ/mol 1.20 x 10 kJ/mol 
À (in m) 2.0x 107 
for =4х l0 m: 
 120x10^ kJ/mol 1.20x 10^ kJ/mol 
À (in m) 40 x 107 


E- = 6.0 x 10° kJ/mol 


=3.0x 10° kJ/mol 


The energy of electromagnetic radiation in the region of the spectrum from 200 nm to 
400 nm is 300-600 kJ/mol. 
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UV IR 1H ММК (at 200 MHz) 
Energy (in kJ/mol) 300-600 4.8—48 8.0х 10° 
The energy required for UV transitions is greater than the energy required for IR ог 'H 
NMR transitions. 
A 
14.14 £= m Where = = molar absorptivity (т L/mol-cm) 
In this problem: А = absorbance 
== 50,100 = 5.01 x 10^ L/mol-cm Г = sample pathlength (in cm) 
[= 1.00 ст с =concentration (in mol/L) 
А = 0.735 
йык IN dua =1.47x10°M 


 £xl 5.01x10*L/mol-em x 1.00 ст 


14.15 АП compounds having alternating single and multiple bonds should show ultraviolet 
absorption in the range 200—400 nm. Only compound (a) is not UV-active. All of the 
compounds pictured below show UV absorptions. 


О 
I CHa 
x COH \ 
HC —CHC XN 
22 М 
OCCH; О 
|| H 
О 


© 2016 Cengage Learning. АП Rights Reserved. Мау not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


Conjugated Compounds and Ultraviolet Spectroscopy 401 


Visualizing Chemistry 


14.16 v А 
H | Cl 
+/ > 142 | 
я | CH3 : 
C св | | 
S : 
CH» H ; H 
[= [^ Ti vid ? / 
| C —— С 
\ | \ 
Cl pius & isomer 
на | 
—- : 
N | | 
CH, | (= 
14.17 


S-trans 


14.18 In order to undergo Diels-Alder reaction, this s-trans diene would have to rotate to an s- 
cis atrangement. In an s-cis conformation, however, the two circled methyl groups 
experience steric strain by being too close to each other, preventing the molecule from 
adopting this conform ation, Thus, Diels—Alder reaction doesn’t occur. 


HC (ets 


$-trans S-Cis 
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14.19 
MEC т fe тр 
б С CH, or С С or С C 
Hb 797 `7 6 нс `o? “CHCH; нс“ `6 ~CH2CHg 
H H H H 
3-Methyl-2.4-hexadiene 3-Methvl- 1 .3-hexadiene 2-Ethyl- 1 3-pentadiene 
H* 
/ Ke 
y x 
b Sq MS 
C Eu pct | 
Hac ^*^ C^ ` CHCH Нас” C07 + “ОнОна 
Н | н 
| ‚В Вг | 
Y 
H Br GH; H Н.С Br 
A | | \/ 
С С С С 
нас” Ed ^сн,снь нас” 767 ^ CH$CHs 
d H 
2-Bromo-4-methsyl-3-hexene 4-Bromo-4-methyl-2-hexene 


Mechanism Problems 


14.20 Note: The major product of the reaction depends on the reaction temperature. At higher 
temperatures (> ? 40 °С) the more substituted akene (the thermodynamic product) is 
favored, while at lower temperatures (0 ?C) the less substituted akene (the kinetic 
product) is favored. 


(a) 
CI 
HCI 
ео ARES UN — € 
40 *C 
Mechanism: 
uS Ка si; ii: 
(C. “Суг 
NINAN RA RA м EN 
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(b) я 
“уең, НВг 2 j 
40 *C 
Mechanism: 
ney Be pup 
о : РА сн, + di d 
(c) 
CH; Cl 
HCl 
— > 
0°C 
CH2 СН» 
Mechanism: 


CH2 ee . j . {СЕ 
СН? сн» CH, 
14.48 Diels-Alder reactions are reversible when the products are much more stable (of lower 


energy) than the reactants. In this case, the reactant is a nonconjugated diene, and the 
products are benzene (a stable, conjugated molecule) and ethylene. 


Д = до Y 


14.49 (a) А Diels—Alder reaction between a-pyrone (diene) and the alkyne dienophile yields 
the following product. 


COzCHg о 
" 
2 `o С heat О=с 
+ | —— COsCH3 
< O | / 
CO2CH3 


CO5CHs 
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The double bonds in this product are not conjugated, and a more stable product can 


be formed by loss of CO2. 
О xc^ П 
i CO2CH3 СО2СНз 
/ 1 |— + CO 
| 
COCH; + сосн} 


This process can occur in a manner similar to the reverse Diels—Alder reaction of 
the previous problem. 


СНз 
кы 


N N Heat N^ x 
li | + СЕЕСН —— | + № 
a N 


p 
СНз СНз 
Mechanism 
CH3 
Ss 
vars | № 
N p 
CH3 
№2 + light 
Luminol dianion 
Mechanism: 
NH o NH О 
2 NH 2 


о A ЕЕ 
| — N —- № 
о 
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14.24 


CHO 
Heat iels- на 
His PM i 
CH3 o 


(CH34SIO СН? 


Danishefsky's 
Diene 
Mechanism: 
:OCH; v С, dus CHO 
CHO = С: id 
m (CH3}sSiCI — A 
(СН ROS Q 
то? 
Diels-Alder 
Adduct 
Additional Problems 
Conjugated Dienes 
14.25 All of these compounds can exhibit E/Z isomerism. 
(a) Сна (b) HaC—CHCH —CHCH =снснз 
CH34CH — CCH — CHCH; ] 3.5-Heptatriene 
3-Methyl-2.4-hexadiene 
(c) CHgCH==C==CHCH=CHCH3 (d) ÇH2CH2CH3 
2.3.5-Heptatriene CHCH = CCH =CH> 
3-Propyl- 1 .3-pentadiene 

14.26 Excluding double-bond isomers: 

Conjugated dienes: ОН 

CH4CH — CHCH —CH; H3C— CHC — CH; 

1.3-Pentadiene 2-Methyl- 1 3-butadiene 
Cumulated dienes: 
CH4CH3CH — C— CH; CH4CH =C = CHCH H2C — C =C(CH3)2 
| 2-Pentadiene 2.3-Pentadiene 3-Methyl- 1.2-butadiene 


Nonconpgated diene: 
HaC =CHCH2CH —CH» 


| 4-Pentadiene 


С 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website. m whole or in рай. 


406 Chapter 14 
14.27 
(a) Br Br 
D t mol Bro 
EET " 
Su 
Br Br 
(b) m da Pint „Н 9 
„з ке По. ж жыл 
Nis. п, Fig pu О С H 
им 
H О | 
H 
^ 
(б) у mandi e 
R 1 Ether s 
in Cl 
(d) ^ D D 
ad 1 mol DCI СТ Ly 
Ether „2 
R CI CI 
(e) с 
|! и H 
H C 
^ р "c^ ^C з ЕН: f 
us [ jo СНз 
/ 
CH, а 
(f) HO но H H 
oe ess HO uo он OH H OH 
| | ть INC E Я H , OH 
So! 2. NaHSO, \ 
à H H н oH 9H 
H H 
meso BG ] т 
HO H 
enantiomers 
14.28 
"E Шт. 7"s ae Бе 12% | 
BrCHy—C—CHCHy -—— H40—C—CH—CH, — = |CH5— C— CH — CHBr 
A addition B 


tertiary/primary to carbon 1 


allylic carbocation 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to à publicly accessible website, m whole or in part. 


addition 
tocarbon 4 secondary/primary 
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Terttary/primary allylic carbocation A is more stable than secondary/primary allylic 
carbocation B. Since the products formed from the more stable intermediate predominate, 
3,4-dibromo-3-methyl-] -butene is the major product of 1,2 addition of bromine to 
isoprene. In both cases, the product with the more substituted double bond (1,4 addition 
product) predominates. 


14.29 Any unsubstituted cyclic 1,3-diene cyclic diene gives the same product from 1,2- and 1,4 
addition. For example: 


2 ©. 


ane 
|| t-Phonyl-13-butadiene 


Y 


Protonation of carbon 1: n 
CHaCHCH = CH» 


14.30 
4 
CH— CHCH-— сн p 


- cr e 
к ое 3-Chloro-4-phenyI- 
CHCH — CH — CH» I -butene 
| \ СНЬСН=СНСН LZ 
i = en : | 
| « CI . Isomers 
A аі — | I -Chloro-4-phenyl- 
2-butene 
Protanation of carbon 2: Г 
Е x ы 
CHCH CH = СН “ CHCH2CH= CHa 
С! f . 
ых | 3-Chloro-4-phen yl- 
ES ] -hbutene 
L t 
Protonation of carbon 3: 
3 CH—CHCH;CHa . CH-—CHCH;CH;O0! Р 
| cr E isomers 
——- 4-Chloro- I-phenyl- 


|-butene 


t: 2016 Cengage Learmne. АП Raghis Reserved. May not be scanned. copied of duplicated, or posted w а publicly accessible w зры, in whole or «i part. 


408 Chapter 14 


Profenation of carbon 4: Ci 
M. CH — CHCHCH EZ 
z mA SL ur 3 | 
_ CI (^ T. оте 
i ib Chíoro-1-phensyI- 


„г! 


öt öt MM cl. 
a x ~~ CHCH; i / Se с i -butene 


B» A~ CHCH =CHCH3 EZ 
z Molte E cr ' isomers 
Е — | l-Chloro-ł-phens i- 
S 2-butene 


Carbocation D is most stable because it can use the z systems of both the benzene ring 
and the side chain to delocalize positive charge. 3-Chloro-1-phenyl-1-butene is the major 
product because it results from cation D and because its double bond can be conjugated 
with the benzene ring to provide extra stability. 


Diels- Alder Reaction 


14.34 (a) 
OQ 
(b) 
< 
pe : | 


If two equivalents of cyclohexadiene are present for each equivalent of dienophile, you 
can also obtain a second product: 
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14.32 This conformation of 2,3-di-/ert-butyl-1,3-butadiene, in which the fert-butyl groups have 
a cis relationship, suffers from steric strain due to the bulky substituents. Instead, the 
molecule adopts the s-trans conformation, which relieves the strain but does not allow 
Diels—Alder reaction to take place. 


14.33 The diene rotates to the s-cis conformation. The trans relationship of the two ester groups 
in the dienophile is preserved in the product. 


li H 
COCH 
= З --CO5CH3 
+ | Оо» 
Si --H 
CH4OC 
E /X сосна 
Q 
 \ 
14.34 
Н Н 
\ \ 
НС C=CH H C=CH 
3 ? 2 \ ; 2 
с=с с=с 
/ \ é \ 
H H H3C H 
eis- £.3-Pentadiene rens | -Pentadiene 


Both pentadienes are more stable in s-trans conformations. To undergo Diels—Alder 
reactions, however, they must rotate about the single bond between the double bonds to 
assume s-cis conformations. 


H H H я 
M noit C=C 
£ = C / \ 
H—C, H uis NN 
poo. C—H 
ен» / 
cls- 1 3-Pentadiene rrans-| 3-Pentadiene 


When cis-1,3-pentadiene rotates to the s-cis conformation, steric interaction occurs 
between the methyl-group protons and a hydrogen on C1. Since it’s more difficult for cis- 
1,3-pentadiene to assume the s-cis conformation, it is less reactive in the Diels-Alder 
reaction. 


14.35 HC=CC=CH can’t be used as a Diels-Alder diene because it is linear. The end carbons 
are too far apart to be able to react with a dienophile in a cyclic transition state. 
Furthermore, the product of Diels—Alder addition would be impossibly strained, with two 
sp-hybridized carbons in a six-membered ring. 
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14.36 


| T 


Н 2С. POR 

v C^  "OCH;CHa "OCHSCHg 

+ || T 

C 

NN u^ ^u 
222 Hs on 

+ H —————- 
ET -C~ 2 9°н©нз „-OCH2CHa 


I | 


Two different orientations of the dienophile ester group are possible, and two different 
products can form. 


14.37 The most reactive dienophiles contain electron-withdrawing groups. 


Most reactive ————————————————————————————25 Least reactive 
(NCpC=C(CN)p> HeC=CHCHO > Н С=СНСН+»> (CH3pC=C(CH3) 

Four electron- One electron- One electron- Four electron- 
withdrawing groups withdrawing group donating group donating groups 

The methyl groups of 2,3-dimethyl-2-butene also decrease reactivity for steric reasons. 


14.38 The difference in reactivity of the three cyclic dienes is due to steric factors. As the non- 
diene part of the molecule becomes larger, the carbon atoms at the end of the diene 
portion of the ring are forced farther apart. Overlap with the л system of the dienophile in 
the cyclic transition state is poorer, and reaction is slower. 


14.39 Although an electron-withdrawing group increases the reactivity of a dienophile, it 
decreases the reactivity of a diene. 


14.40 First, find the cyclohexene ring formed by the Diels-Alder reaction. After you locate the 
new bonds, you should then be able to identify the diene and the dienophile. 


(а) но р 
LI Z 
о — + | О 
< > 
4 
1 
NO о 
bonds formed diene dienophile 
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(b) 
, H CN 
к = №. dj 
diene dienophile 
(c) о 
22 ES 
+ + 
ENS P 
О 
diene dienophiie diene 
COCH 
(a) * СО2СН P [ores 
-— — — * {I 
à 
diene dienophile 
14.41 
(a) 
а С! x: Г 
сн g ài 
CI а B J 
+ 5 ff 
H 
о 
ci с! MESS о A 
(b) 
zt 9 : 
“г 0-0 — 
H 
(c) 
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Diene Polymers 


14.42 A vinyl branch in a diene polymer is the result of an occasional 1,2 double bond addition 
to the polymer chain, rather than the usual 1,4 addition. Branching can also occur in 
cationic polymerization for the same reason. 


г N ^ - 
or 
1 


б зү ‚ес. 
--сн;он =снон CH=CH —= -$ CHCH —CHCH,CH;CH —> 
CH —CH, CH=CH, 


14.43 
Hg н HaC, H 


с=с, nea С=О + 0-6, 
+&, CH ch, ‘сн, 


Ozone causes oxidative cleavage of the double bonds in rubber and breaks the polymer 
chain. 


14.44 Polycyclopentadiene is the product of successive Diels—Alder additions of 


cyclopentadiene to a growing polymer chain. Strong heat causes depolymerization of the 
chain and reformation of cyclopentadiene monomer units. 


pae c. ©. repeat risit many limes 


Polycyclopentadiene 


UV Spectroscopy 


14.45 Note: In general the more conjugated double that a molecule has the longer the 
wavelength at which it will absorb UV light. 


no conjugated two conjugated three conjugated 


double bonds double bonds double bonds 
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(b) 
CH3 
CH; 
two conjugated 
double bonds 
(с) 


PAN 


two conjugated double bonds 
and a benzene ring 
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CH» CH2 

CH H 

< 2 < Che 

three conjugated four conjugated 
double bonds double bonds 

а he Ч Su 
< 
а double bond conjugated two double bonds conjugated 
to a benzene ring to a benzene ring 


14.46 Only compounds having alternating multiple bonds show л — a* ultraviolet absorptions 


in the 200—400 nm range. Of the compounds shown, only pyridine (b) absorbs in this 


range. 


14.47 To absorb in the 200-400 nm range, an alkene must be conjugated. Since the double 


bonds of allene aren't conjugated, allene doesn't absorb light in the UV region. 


14.48 The value of Алах in the ultraviolet spectrum of dienes becomes larger with increasing 


alkyl substitution. Since energy 1s inversely related to Атах, the energy needed to produce 
ultraviolet absorption decreases with increasing substitution. 
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2 of CH, К | А | 
groups Ала nm) нах Z Aaa, чипе) 


Dene 


i 
0 217 


220 


I 
— С) 
I 
Г] 
Р) 


H 
T 
223 6 


H 
9 


r2 
1 


227 10 


—O 
I 
a 

-O 
T 

© 

1-2 

22 

ho 


iv 
tet 


ÇH н 
i 240 


14.49 


MT 


а 


| 


Zen on, 
He do 


H H 
2.3-Dimethyl-] 3.5-hexatrienc 


] .3.5-Hexatriene 
Апиа = 268 nm 


Anas = 258 nm 
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In Problem 14.41, we concluded that one alkyl group increases Amax of a conjugated diene 
by approximately 5 nm. Since 2,3-dimethyl-1,3,5-hexatriene has two methyl substituents, 
its UV Алах should be about 10 nm longer than the Amax of 1,3,5-hexatriene. 


14.50 (a) 


(b) 
(c) 


(d) 


B-Ocimene, CioHis, has three degrees of unsaturation. Catalytic hydrogenation 
yields a hydrocarbon of formula CioH2. D-Ocimene thus contains three double 
bonds and no rings. 


The ultraviolet absorption at 232 nm indicates that D-ocimene is conjugated. 
The carbon skeleton, as determined from hydrogenation, 15: 
(Hs yu 
CH4CH5CHCH3CH5CH5CHCH 
2.6-Dimethyloctane 

Ozonolysis data are used to determine the location of the double bonds. The acetone 
fragment, which comes from carbon atoms 1 and 2 of 2,6-dimethyloctane, fixes the 
position of one double bond. Formaldehyde results from ozonolysis of a double 
bond at the other end of B-ocimene. Placement of the other fragments to conform to 
the carbon skeleton yields the following structural formula for B-ocimene. 

oft 

НС = CHC = CHCH3CH = CCH 
f-Ocimene 


CH Нз (нз GHs 


- 
HC =CHC =CHCH;CH=CCH; ——= CH3CH»CHCH,CH2CH2CHCH, 


Pd 


p-Ocimene 2.6-Dimethyloctane 


1. Оз 
2. Zn. НзО* єн» сна 


НС=0 + O=CHC=O + O=CHCH,CH=O + O=CCH, 


Formaldehyde Pyruvaldehyde Malonaldehyde Acetone 


General Problems 


14.51 (a) 
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14.52 


Chapter 14 


D a“ р | 
№ д D — | 
3° carbocation 2° carbocation 
more stable less stable 
All of the questions can be answered with the figure below. 
PSP d Че” р * 


px atomic orbitals E s | 


UV light 
———— 


The three pi-bonds that are conjugated each have two p-atomic orbitals. Thus, 
there are six p-atomic orbitals in the conjugated system. 


The total number of molecular orbitals must equal the number of atomic orbitals 
used to create them. Therefore there are six molecular orbitals. (1, V^, V5, Ya, 
Y5, У) 


The bonding molecular orbitals are lower in energy than the p-atomic orbital 


energies. Thus, there are three bonding orbitals (Vi, 2, Фа). 


The bonding molecular orbitals are higher in energy than the p-atomie orbital 
energies. Thus, there are three antibonding orbitals (P4*, 45*, ‘¥s*; antibonding 
orbitals are denoted with an *). 


Because orbitals fil] from lowest energy to highest energy and there are six 
electrons Ч, Y2 and Уз are filled. 


The electron would move from the V^ (the highest occupied molecular orbital; 
HOMO) to V4* (the lowest unoccupied molecular orbital; LUMO). 
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14.53 
СНзСН2СЕССН2Нз CHsCHeCHCH-CHCH; CH3CH2CH=C=CHCH3: 
3-Hexyne 2,4-Hexadiene 2,3-Hexadiene 
ІН 2 реакѕ 3 peaks, 5 peaks, 
NMR: (triplet, quartet) two in region two in region 
below 2.0 6 4.5-6.5 $ 4.5-6.5 8 
HG 3 peaks, 3 peaks, 6 peaks, 
NMR: 8-55 8 (2) 8-30 ò (1) 8-55 8 (3) 
65-856 (1) 100-150 8 (2) 100-150 6 (2) 
~200 6 (1)(sp carbon) 
UV no yes no 
absorp- 
tion? 
2,4-Hexadiene can easily be distinguished from the other two isomers because it is the 
only isomer that absorbs in the UV region. The other two isomers show significant 
differences in their 'H and ^C NMR spectra and can be identified by either technique. 
14.54 — 
Conjugation with the Reaction with НСІ yields a Addition of СТ leads 


oxygen lone pair electrons cation intermediate that сап to the observed 
makes the double bond be stabilized by the oxygen product. 
more nucleophilic electrons, 


There are two reasons why the other regioisomer is not formed: (1) Carbon 1 is less 
nucleophilic than carbon 2; (2) The cation intermediate that would result from 
protonation at carbon 1 can't be stabilized by the oxygen electrons and does not form. 
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14.55 
Cl 
Ci 
2—7 СІ 
+ 
а Ci 
Ci 
C 
Aldrin 
14.456 
н „© 
z H 
22 G 
H H 
Diefs—Alder reaction H E? elimination 


14.57 The first equivalent of maleic anhydride adds to the s-cis bond of the triene. 


О 
Ae 
* О nr on 
= о 
9 о 
О 


The new double bond has ап s-cis relationship to the remaining double bond of the triene 
starting material. A second equivalent of maleic anhydride adds to the diene to form the 
product shown. 


о 
a 
+ о ~mi 
ч =0 
4-0 Е 
O 


€ 2016 Cengage Гоапипи. All Rights Reserved May nut be scanned, copied or duplicated, or posted to а publicly accessible website, in whole or w part 


Conjugated Compounds and Ultraviolet Spectroscopy 419 


14.58 Much of what was proven for B-ocimene (Problem 14.43) is also true for myrcene, since 
both hydrocarbons have the same carbon skeleton and contain conjugated double bonds. 
The difference between the two isomers is in the placement of the double bonds. 


The ozonolysis fragments from myrcene are 2-oxopentanedial (five carbon atoms), 
acetone (three carbon atoms), and two equivalents of formaldehyde (one carbon atom 
each). Putting these fragments together in a manner consistent with the data gives the 
following structural formula for myrcene: 


єн; CH3 CHa | CHa 
H 
Н>С=СНССНоСНСН== СНВ е CHsSCH;CHCHCH?CH2CHCHs 
Мугселе 
1. 04 
2. Zn, H4O* О СН; 
Й | 


нс=Оо + н›с=О + о=бнССн›СньСН=О + O=CCH, 
Formaldehyde Formaldehyde 2-Oxopentanedial Acetone 


14.59 (a) Hydrocarbon A must have two double bonds and two rings, since the sole 
ozonolysis product contains all the carbons and a diketone-dialdehyde is formed. 


I П 


(b) Rotation about the central single bond of II allows the double bond to assume the 5- 
cis conformation necessary for a Diels-Alder reaction. Rotation is not possible for 
I. 


(c) 


O H 
Sus 29 


О s, 
СЕ = > 
rotation 
Pd/C 
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14.60 
Вг» 2 NaCN 
HC =CHCH =СН› ——®>» BrCHCH=CHCH;Br ———= NCCH3CH-- CHCH2CN 
] .4-Addition S42 Substitution | но, Pd 
МССН.СНоСН»СН»СМ 
Adipontrele 
A 0.065 6.5 x 10? 
14.61 — M i = —ÁÀsÀ——— 25. x10*M 
хі 11.900 Lémol-emx 1.00cm  1.19x 10° L/mol 
14.62 
Ha E add 
СОСН, 
= ^H С 
+ Ш —— 
um LH С 
| COCH; 
2С. | 
CH3 O^ “осн; 
14.63 
H3 Ox „ОСН; 
T 
(^ CH C 
+ ІН MÀ 
OR СНз | 
! С 
н O^ “осн 


The stereochemistry of the product resulting from Diels—Alder reaction of ће (22,47) 
diene differs at the starred carbon from that of the (2E,AE) diene. Not only is the 
stereochemistry of the dienophile maintained during the Diels—Alder reaction, the 
stereochemistry of the diene is also maintained. 


14.64 Although it is usually best to work backwards in a synthesis problem, it sometimes helps 
to work both forwards and backwards. In this problem, we know that the starting 
materials are a diene and a dienophile. This suggests that the synthesis involves a Diels- 
Alder reaction. The product is a dialdehyde in which the two aldehyde groups have a cis 
relationship, indicating that they are the products of ozonolysis of a double bond that is 
part of a ring. These two pieces of information allow us to propose the following 
synthesis: 
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H CHO 
CO5CH5 H 
CH H 1.0 сосн, 
CHo СОСНЫ 2. Zn. H30 d 


H CHO 


The -CHO groups are cis to the ester in the product. 


The lone pair electrons from nitrogen can overlap with the double bond z electrons in a 
manner similar to the overlap of the z electrons of two conjugated double bonds. This 
electron contribution from nitrogen makes an enamine double bond electron-rich. 


Careers 
ed И" | QUE 
е - umeros uu UU. 
Co ON —— С^” “М COONS 
| | | | f N (^ / \ 


The orbital picture of an enamine shows a 4 p-electron system that resembles the system 
of a conjugated diene. 


Double bonds can be conjugated not only with other multiple bonds but also with the 
lone-pair electrons of atoms such as oxygen and nitrogen. p-Toluidine has the same 
number of double bonds as benzene, yet its Amax is 31 nm greater. The electron pair of the 
nitrogen atom can conjugate with the л electrons of the three double bonds of the ring, 
extending the z system and increasing Amax. 
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Chapter Outline 


I. Introduction to aromatic compounds (Sections 15.1-15.2). 
А. Sources of aromatic hydrocarbons (Section 15.1). 
1. Some aromatic hydrocarbons are obtained trom distillation of coal tar. 
2. Other aromatic hydrocarbons arc formed when petroleum is passed over a catalyst 
during refining. 
B. Naming aromatic compounds. 
1. Many aromatic compounds have nonsystematic names. 


2. Monosubstituted benzenes are named in the same way as other hydrocarbons, with - 
benzene as the parent name. 


a. 


b. 


Alkyl-substituted benzenes are named in two ways: 


1. Ifthe alkyl substituent has six or fewer carbons, the hydrocarbon is named as 
an alkyl-substituted benzene. 


ii. If the alkyl substituent has more than six carbons, the compound is named as a 
phenyl-substituted alkane. 


The СеН5СН?- group is а benzyl group, and ће CeHs— group is a phenyl group. 


3. Disubstituted benzenes are named by the ortho(o), meta(m), para(p) system. 


a. 
b. 
с. 
d. 


A benzene ring with two substituents in a 1,2 relationship 1s o-disubstituted. 
A benzene ring with two substituents in a 1,3 relationship is m-disubstituted. 
А benzene ring with two substituents in a 1,4 relationship is p-disubstituted. 
The o, т, p-system of nomenclature is also used in describing reactions. 


4. Benzenes with more than two substituents are named by numbering the position of 
each substituent. 


а. 
b. 


Number so that the lowest possible combination of numbers is used. 
Substituents are listed alphabetically. 


5. Any of the nonsystematic names in Table 15.) can be used as a parent name. 
C. Structure and stability of benzene (Section 15.2). 
1. Stability of benzene. 


a. 
b. 
с. 


Benzene doesn't undergo typical alkene reactions. 

Benzene reacts slowly with Br: to give substitution, not addition, products. 
АНЗьудгох Of benzene is 150 kJ/mol less than that predicted for 3 х AF?nydrog of 
cyclohexcne, indicating that benzene has extra stability. 


2. Structure of benzenc. 


8. 


b. 
с. 
d 


АП carbon-carbon bonds of benzene have the same length. 

The electron density in all bonds is identical. 

Benzene ts planar, with all bond angles 120°. 

All carbons are sp’-hybridized and identical. and each carbon has one electron in 
а p orbital perpendicular to the plane of the ring. 

Resonance theory explains that benzene is a resonance hybrid of two forms. 


Benzene is represented in this book as one line-bond structurc, rather than as a 
hexagon with a circle to represent the double bonds. 
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Molecular orbital picture of benzene. 
a. Itis impossible to define 3 localized л bonds; the electrons are delocalized over 
the ring. 
b. Six molecular orbitals (MOs) can be constructed for benzene. 
i. The3 lower-energy MOs are bonding MOs. 
ii. The 3 higher energy MOs are antibonding. 
iii. One pair of bonding orbitals is degenerate, as 1s one pair of antibonding 
orbitals. 
iv. Tbe 6 bonding electrons of benzene occupy the 3 bonding orbitals and are 
delocalized over the ring. 


П. Aromaticity (Sections 15.3--15.6). 
А. The Hückel 4я + 2 rule (Section 15.3). 


l. 


2; 


For а compound to be aromatic, it must possess the qualities we have already 
mentioned and, in addition, must fulfill Hückel's Rule. 


Hückel's Rule: A molecule is aromatic only if it has a planar, monocyclic 
system of conjugation with a total of 4л + 2 л electrons (where n is an integer). 
Molecules with (4, 8, 12...) æ electrons are antiaromatic. 
Examples: 
a. Cyclobutadiene (я = 4) is antiaromatic. 
b. Benzene (и = 6) is aromatic. 
c. Planar cyclooctatetraene (я = 8) is antiaromatic. 
i. Cyclooctatetraene is stable, but its chemical behavior is like an alkene, rather 
than an aromatic compound. 
ii. Cyclooctatetraene is tub-shaped, and its bonds have two different lengths. 
Why 4n + 2? 
a. Foraromatic compounds, there 15 a single lowest-energy MO that can accept two 
л electrons. 
b. The next highest levels occur in degenerate pairs that can accept 4 л electrons. 


For all aromatic compounds and ions, a stable species occurs only when (47 + 2) 
z electrons are available to completely fill the bonding MOs. 


B. Aromatic ions (Section 15.4). 


Any cyclic conjugated molecule with 4n +2 electrons can be aromatic, even if it is an 

1lOn. 

The cyclopentadienyl anion. 

a. Although cyclopentadiene isn't aromatic, removal of H* produces a six-z-clectron 
cyclic anion that is aromatic. 

b. Cyclopentadiene has a pXa = 16, indicating that a stable anion is formed on 
removal of Н”. 

c. Both the cyclopentadienyl cation (4 z electrons) and the cyciopentadienyl radical 
(5 z electrons) are unstabie. 

The cycloheptatrienyl cation. 
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a. Removal of H` from cycloheptatricne produces the cycloheptatrienyl cation, 
which has 6 л electrons and is stable. 
b. The cycloheptatrienyl radical and anion are unstable. 


C. Aromatic heterocycles (Section 15.5). 


1. 


4. 


А heterocycle (a cyclic compound containing one or more clements in addition to 

carbon in the ring) can also be aromatic. 

Pyridine. 

a. The nitrogen atom of pyridine contributes one z electron to the z system of the 
ring, making pyridine aromatic. 

b. The nitrogen lone pair is not involved with the ring л system. 

Pvrrole. 

a. The nitrogen of pyrrole contributes both lone-pair electrons to thc ring z system, 
making pyrrole aromatic. 

b. The nitrogen atom makes a different contribution to the z ring system in and in 
pyridine. 

Pyrimidine and imidazole rings are important in biological chemistry. 


D. Polycyclic aromatic compounds (Section 15.6). 


1. 


Although Hückel's Rule strictly applies only to monocyclic compounds, some 
polycyclic compounds show aromatic behavior. 


Naphthalene has a Hückel number of z electrons and shows chemical and physical 
properties common to aromatic compounds. 


There are many heterocyclic analogs of naphthalene. 
i. Tryptophan, adenine, and guanine are biologically important polycyclic aromatic 
compounds. 


III. Spectroscopy of aromatic compounds (Section 15.7). 
A. IR spectroscopy. 


1. 


ph 
3. 
4 


А С-Н stretch occurs at 3030 cm! 
As many as 4 absorptions occur in the region 1450-1600 cm 
Weak absorptions are visible in the range 1660-2000 ст". 


Strong absorptions in the region 690-900 cm, due to С-Н out-of-plane bending, can 
be used to determine the substitution pattern of an aromatic ring. 


B. UV spectroscopy. 


1. 


The conjugated z system of an aromatic ring gives rise to an intense absorption at 205 
nm and weaker absorptions in the range 255—275 nm. 


C. NMR spectroscopy. 


1. 


ІН NMR. 
a. Hydrogens directly bonded to an aromatic ring absorb in the region 6.5—8.0 à. 
i. Spin-spin coupling can give information about the substitution pattern. 


ii. Aromatic protons are deshielded because the applied magnetic field sets up a 
ring-current, which produces a small magnetic field that reinforces the applied 
field outside of the ring and deshields the aromatic protons. 
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ii. If protons reside on the inside of an aromatic ring system, they are strongly 
shielded and absorb far upfield. 
iv. The presence of a ring-current, evidenced by chemical shift, is a test of 


aromaticity. 
b. Benzylic protons absorb at 2.3-3.0 6. 
2. ПС NMR. 


a. Aromatic carbons absorb in the range 110—140 à. 
b. Since alkene carbons also absorb in this region, "C NMR is not uniquely useful 
in identifying an aromatic ring. 
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Solutions to Problems 
15.1 Ар ortho disubstituted benzene has two substituents in a 1,2 relationship. A meta 


disubstituted benzene has two substituents in a 1,3 relationship. A para disubstituted 
benzene has two substituents in a 1,4 relationship. 


(a) Cl. { „СНз (b) pon (c) i = 


meta disubsütuted para disubstituted ortho е e 


15.2 Remember to give the lowest possible numbers to substituents on trisubstituted rings. 


(a) (b) (c) 
CY C Е СУ „М 
m-Bromochlorobenzene 3-Methy IbutylDbenzene p-Bromoaniline 
(d) (e) 
oe ie X x 

Cl OoN 

2,5-Dichlorotoluene l-Ethyl-2 4- TOPIC i2. 3s „Теп: ит 

15.3 
В „Сі (b) EY (c) CI, ^ „МН 
Вг Вг 
p-Bromochlorobenzene p-Bromototuene n-Chloroaniline 


H4C CY Ct 


3 
t-Chloro-3 ,5-dime thy benzene 
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15.5 


15.6 


15.7 
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Pyridine 


The electronic descriptions of pyridine and benzene are very similar. The pyridine ring is 
formed by the о overlap of carbon and nitrogen sp? orbitals. In addition, six p orbitals, 
perpendicular to the plane of the ring, hold six electrons. These six p orbitals form six л 
molecular orbitals that allow clectrons to be delocalized over the z system of the pyridine 
ring. The lone pair of nitrogen electrons occupies an sp* orbital that lies in the plane of 
the ring. 


Cyclodecapentaene has 47 + 2 л electrons (п = 2), but it is not flat. If cyclodecapentaene 
were flat, the starred hydrogen atoms would crowd each other across the ring. To avoid 
this interaction, the ring system is distorted from planarity. 


A compound that can be described by several resonance forms has a structure that can be 
represented by no single form. The structure of the cyclopentadienyl anion is a hybrid of 
all of the above structures and contains only one kind of carbon atom and one kind of 
hydrogen atom. All carbon-carbon bond lengths are equivalent, as are all carbon— 
hydrogen bonds lengths. Both the 'H NMR and "C NMR spectra show only one 
absorption. 


When cyclooctatetraene accepts two electrons, it becomes а (4n + 2) л electron aromatic 
ion. Cyclooctatetraenyl dianion is planar with a carbon-carbon bond angle of 135?, that 
of a regular octagon. 
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15.8 


15.9 


15.10 


15.11 


Chapter 15 

This diagram resembles Figure 15.5 but has one less antibonding orbital. 

THER on 

Five p atomic os = f + + 1 H {r 
orbitals е 4 а AL 


Energy 
Five Сулорема- Cyclopenta- Cyclopenta- 
сусоретма- плену} irienyl trienyl 
trieny] cation radical anion 
molecular Ax 3 6x 
orbitals electrons electrons electrons 


Furan 15 the oxygen analog of pyrrole. Furan is aromatic because it has 6 л electrons in a 
cyclic, conjugated system. Oxygen contributes two lone-pair electrons from a p orbital 
perpendicular to the plane of the ring. 


Furan 


The heterocyclic thiazolium ring contains six z electrons. Each carbon contributes one 
electron, nitrogen contributes one electron, and sulfur contributes two electrons to the 
ring z system. The thiazolium ion is aromatic because it has 6 z electrons in a cyclic, 
planar, conjugated system. 


22, 
NET 
— > Azülene 
CI 2 


Azulene is aromatic because it has а conjugated cyclic л electron system containing ten 
melectrons (a Hückel number). 


© 2016 Cenaase Learning. АП] Rights Reserved. May not be scanned, copied or duplicated, or posted w 4 publicly accessible «cbstre, in whole or in pan. 


Benzene and Aromaticity 429 


15.12 


Purine Lad 


Purine is a ten-z-electron aromatic molecule. The М-Н nitrogen atom in the fivc- 
membered ring donates both electrons of its lone pair to the л electron system, and each 
of the other three nitrogens donates one electron to the z electron system. 


Visualizing Chemistry 


15.13 
(а) qs (b) 
HO. „2 CHCH3 
SS 
n-dMsopropylphenol o-Nitrobenzoie acid 


15.14 The all-cis cyclodecapentaene shown here is not aromatic because it is not planar. All 
hydrogens. however, are equivalent and show one absorption in thc vinylic region of thc 
molecule's ІН NMR spectrum. If the molecule were planar and therefore aromatic, the 
absorption would appear between 6.5—8.0 6. 


15.15 1,6-Methanonaphthalene has ten л electrons and is sufficiently planar to behave as an 
aromatic molecule. The perimeter hydrogens absorb in the aromatic region of the 'H 
NMR spectrum (6.9-7.3 8). Interaction of the applied magnetic field with the perimeter т 
electrons sets up a ring current (sce Section 15.7) that strongly shields the CH2 protons 
and causes them to absorb far upfield (—0.5 8). 


H H 


son 


A = 
\ E ЕР 
15.16 Three resonance forms for the carbocation of the formula Ci3Ho are shown below, and 
more can be drawn. These forms show that the positive charge of the carbocation can be 


stabilized in the same way as an allylic or benzylic carbocation is stabilized — by overlap 
with the neighboring z electrons of the ring system. 
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15.17 


Chapter 15 


——À 
—— 
"-— Ij 
= 
+. 


Molecules with dipole moments are polar because electron density is drawn from one 
part of the molecule to another. In azulene, electron density is drawn from the seven- 
membered ring to the five-membered ring, satisfying Hückel's rule for both rings and 
producing а dipole moment. The five-membered ring resembles the cyclopentadienyl 
anion in having six л electrons, while the seven-membered ring resembles the 


cycloheptatrieny! cation. The electrostatic potential map shows that the five-membered 


ring is more clectron-rich (red) than the seven-membered ring. 


Additional Problems 


Naming Aromatic Compounds 


15.18 


(a) CHa CH3 


í i (b) OH (c) Br 
HCH HCH. Н 
2 CHCH4CH4C СНз e 
ы. un 
Br Нас CH 


2-Methyl-5-phenylhesane m-Bromobenzoic acid i -Bromo-3.5- 
diimethylbenzene 


(d) ju (e) F (f Nha 
CHaCHaCHa a NO; E 
МО» Cl 


o-Bromopropylbenzenc I-Fluoro-2.4- p-Chloroaniline 


dinitrobenzene 
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15.19 
(a) Ne (b) rii (c) (Ha 
NH» CH4CH;CH5CHCHCHg 
A 
CH HO OH | 
22 
3-Methy FE | 2-benzenediamine i 3,5- Benzenetriol 3-Methy]-2-phenyihexane 
(d) COSH (e) OH (f) OH 
NH ON NO 
cy | а ad 
uu 
Br 
NO» 
ow Aminobenzoic acid ni-Bromophenol 2,4.6-Trinitrophenol 
15.20 (a) 
NO» NO» NO» 
NO» 
NO; 
o-Dinitrobenzene in-Dinitrobenzene p-Dinitrobenzene 
(b) 
Br r r 
{ i Нас CH3 CH3 
CH3 H3C 
| -Bromo-2.3- 2-Bromo-] 3- 2-Bromo-1 4- 
dimethyl benzene dimethylbenzene cdimethylbenzenc 


Br r Br 
| 
ENS | H5C ЧЕ 1 


dd Ci. сн; 
СНа CHa 
I-Bromo-2 4- 4-Bromo- 1 .2- I-Bromo-3.5- 
dimethylbenzene dimethyl benzene dimethylbenzene 
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e OH 


NO; 


NO» 
МО; 


23 4-Trinitrophenol 


H 
2 МО» 
Мы. 
O-N 
NO» NO; 
2 4.5-Trinitrophenal 2.4 6-Trinitrophenoi 4.4,5-Trinitraphenel 


15.21 All aromatic compounds of formula C7H7Cl have onc ring and three double bonds. 


СНз Нз CH5CI 
Cl 
CI Benzyl chloride 
o-Chlorotoluene nm-Chlorotoluene p-Chlorotaluene (Chloromethyi)- 
benzene 
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15.22 Six of these compounds are illustrated and named in Problem 15.20 (b). The other eight 


are: 
Ha CH Hs 
CH3Br 
CHBr | 
CHoBr 
o-( Bromomethy! toluene m-Bromomethyloluene— p-(Bromomethy tohtenc 
CHBrCH4 CH5CH5Br 
A 
gi 
(1-Bromoethylbenzene (2-BromoethylD benzene 
HoCHa P H5CHa 
Br 
@ 
у. | 
<. `Вг 
Br 
0-BromocthyIbenzene m-Bromoethylbenzene p-Bromocthy] benzene 


Structures of Organic Compounds 


15.23 All compounds in this problem have four double bonds and/or rings and must be 
substituted benzenes, if they are to be aromatic. They may be substituted by methyl, 


ethyl, propyl, or butyl groups. 


(a) yrs 


Нз HCH, 
CH; д кы 27 


CH2CH3 
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(c) CH4 CH5C Ha 
| CH4 | 
(4) CH5CH4 CH23CH5 CH(CH3}9 CH2CH^CH« 


CY CHCH CH»CHy 
H3C CHa 
CH3 
CE — c5 ее 


The bond between carbons 1 апа 2 1$ represented as a double bond in two of the three 
resonance structures, but the bond between carbons 2 and 3 is represented as a double 
bond in only one resonance structure. The C1—C2 bond thus has more double-bond 
character in the resonance hybrid, and it is shorter than the C2-C3 bond. The C3-C4, 
C5—C6, and C7-C8 bonds also have more double-bond character than the remaining 
bonds. 


15.26, 15.27 


15.24 


15.25 


х7 / 


The circled bond is represented as a double bond in four of the five resonance forms of 
phenanthrene. This bond has more double-bond character and thus is shorter than the 
other carbon-carbon bonds of phenanthrene. 
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15.28 


If o-xylene exists only as structure A, ozonolysis would cause cleavage at the bonds 
indicated and would yield two equivalents of pyruvaldehyde and one equivalent of 
glyoxal for each equivalent of A consumed. If o-xylene exists only as structure B, 
ozonolysis would yield one equivalent of 2,3-butanedione and two equivalents of 
glyoxal. If o—xylene exists as a resonance hybrid of A and B, the ratio of ozonolysis 
products would be glyoxal : pyruvaldehyde : 2,3-butanedione = 3:2:1. Since this ratio is 
identical to the experimentally determined ratio, we know that A and B contribute equally 
to the structure of o-xylene. Note that these data don't distinguish between the resonance 
hybrid structure and the alternate possibility, equilibrium between two isomeric o- 
xylenes. 


Aromaticity and Hückel's Rule 


Ci H H H 
AgBF4 Е 
———— T AgC(s) + | == — = 
| + Е 
H H H H H 


15.29 


The product of the reaction of 3-chlorocyclopropene with AgBFs is the cyclopropenyl 
cation C3H3". The resonance structures of the cation indicate that all hydrogen atoms are 
equivalent, and the 'H NMR spectrum, which shows only one type of hydrogen atom, 
confirms this equivalence. The cyclopropenyl cation contains two z electrons and is 
aromatic according to Hückel's rule. (Here, м = 0.) 
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15.30 
e wy ERU NECS 
id K \ r === "d ы E = [sb Ё x 
Three p atomic `, 
orbitals a р 
— | | | + 
Energy Three Сушорго-  Сусюрго- — Cyclopro- 
eyclopropenyl репу! репу! репу! 
molecular cation radical anion 
orbitals qm 3 l4 
electrons electrons electrons 


The cyclopropenyl cation is aromatic, according to Hückel's rule. 


15.31 


oy 


i" > р ЕЧ | t | 
` some È y n rman 
< ~ А 
СИ 
wep” 
` 


L4 


Three p atomic. ` 


orbitals Ыы Т i 
r Ar 


tr | tr 


Energy Three Cyclopro- — Cyclopro- — Cyelopro- 
сусіоргорепуї репу! penyl реп V 
molecular cation radical anion 
orhitals 2л Ал 4 я 
electrons electrons electrons 


Jn resonance structure A, methylcyclopropenone is a cyclic conjugated compound with 
fhree z electrons in its ring. Because the electroncgative oxygen attracts the л electrons of 
the carbon-oxygen z bond, however, a second resonance structure B can be drawn in 
which both carbonyl z electrons are located on oxygen, leaving only two ; electrons in 
the ring. Since 2 is a Hückel number, the methylcyclopropenone ring is aromatic and is 
expected to be stable. 


Cyeloheptainenone 


Cyclopentadienane 


As in the previous problem, we can draw resonance forms in which both carbonyl z 
elcetrons are located on oxygen. The cycloheptatrienone ring in B contains six л electrons 
and is aromatic according to Hückel's rule. The cyclopentadienone ring in D contains 
four л electrons and is antiaromatic. 


©9016 Cengage Lesnmans. АН Rights Reserved. May not be scanned, copied or duplicated, or posted toa publicly secessible website, in whole or in pat. 


Benzene and Aromaticity 437 


15.33 Check the number of electrons in the z system of each compound. The species with a 
Hückel (47 + 2) number of л electrons is the most stable. 


ооо 


cation radical anion 
8 л clectrons 9 я electrons 10 л electrons 


The 10 x electron anion ts the most stable. 


15.34 Treat 1,3,5,7-cyclononatetracne with a strong base to remove a proton. 


нон Na* H i 
/ \ ман, | | . м 
СЕ, : | 


15.35 As with azulene, redistribution of the z electrons of calicene produces a resonance form 
in which both rings are aromatic and which has a dipole moment (see Problem 15.17). 


does TUM 


15.36 Pentalene has eight л electrons and is antiaromatic. Pentalene dianion, however, has ten x 
electrons and is a stable, aromatic ion. 


15.37 


Indole 


Indole, like naphthalene, has ten z electrons in two rings and is aromatic. Two x electrons 
come from the nitrogen atom. 
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15.38 The 1,2.4-triazole ring is aromatic because it has 6 л electrons in a cyclic, conjugated 


system. 
| pony г) 
\ °F V. “у 
SW, x. 
HN; "i n Mi 
d M | i b (evi AN ^ ue р 
{ON ~~A e 1.2.4- Fazole ring 
Mur Гах A 
- [SH эш 
Lu: 
Spectroscopy 


15.39 Compound A has four multiple bonds and/or rings. Possible structures that yield three 
monobromo substitution products are: 


CH3 CHCH; 
XX X 
к сн, i ~ 

I H 


Only structure | shows a six-proton singlet at 2.30 8, because it contains two identical 
benzylic methyl groups unsplit by other protons. The presence of four protons in the 
aromatic region of the ЇН NMR spectrum confirms that 1 is the correct structure. 


15.40 The molecular weight of the hydrocarbon (120) corresponds to the molecular formula 
СоН12, which indicates four double bonds and/or rings. The 'H NMR singlet at 7.25 à 
indicates five aromatic ring protons. The septet at 2.90 6 is due to a benzylic proton that 
has six neighboring protons. 


— 


СНСНз}2  lsopropylibenzene 
\ / 3/2 proi E 


15.41 Based on degree of unsaturation, both hydrocarbons are disubstituted benzenes. The 
compound in (a) has two ethyl groups, and the compound in (b) has an isopropyl group 
and a methy] group. The IR data must be used to find the pattern of substitution. 


Data in Section 15.7 show that an IR absorption of 745 cm! corresponds to an o- 
disubstituted benzene, and an absorption of 825 стг! corresponds to a p-disubstituted 
benzene. 
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Su. 
CH5CHs НС 
o-Dicthylbenzene p-hopropyltoluene 


General Problems 


15.42 
: OH OH 
< 27 
EC án | 
+4 моз 
ee o 
D Е Е 


Protonation of 4-pyrone gives structure А, which has resonance forms B, C, D, E and Е. 
In E and F, a lone pair of electrons of the ring oxygen is delocalized into the ring to 
produce a six 7 electron system, which should be aromatic according to Hiickel’s rule. 


15.43 The isoxazole ring is aromatic for the same reasons as the 1,2,4-triazole ring is aromatic 
(Problem 15.38). 


isoxazole ring 


15.44 The second resonance form of N-phenylsydnone shows the aromaticity of the five- 
membered ring more clearly. In this form, the ring oxygen contributes two electrons to 
the ring z system, each nitrogen contributes one electron and each carbon contributes one 
electron (the carbonyl oxygen bears a forma! negative charge). This 6 æ electron, cyclic 
conjugated system obeys Hiickel’s rule. 


C.) 
(Л C3 оН fe) 


Н N-Phenylsydnone 
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15.45 


15.46 


15.47 


Cbapter 15 


2 "t VES —— А ———( — tate 
М y” gu 
4 Е | } Т + he 4 5 i 
Seven p atomie ss " 


orbitals = аный. 4) A AY Al- ++ EIE 
Energy VoL + m + 
| 


Seven Cyclohepta- Cyetohepta- Cyclohepta- 
eyclohepta- trienyl пену! trienyl 

trienyl cation radicul anion 
molecular бл Тл ёх 

orbitals electrons electrons electrons 


The cycloheptatrienyl cation has six л electrons (a Hückel number) and is aromatic. 


ЕЕ x 
Pd; ond: Fd * HX 
DÀ EN 
i ANO * : 
CH3CH — CHCH, сні CH—CHCH3 | CH= CHCH,CHy 
l- Pheos f-2-butene 1-Рһспу | -butene 


The alkene double bond is protonated to yield an intermediate carbocation, which loses a 
proton to give a product in which the double bond is conjugated with the aromatic ring, 
as shown by the increased value of Атах. 


AI of these compounds have 4 degrees of unsaturation and are substituted benzenes. The 
benzylic absorptions (2.3—3.0 8) identify the hydrogens next to the aromatic ring. 
Remember that the data from the IR spectrum can be used to assign the substitution 
pattern of the ring. 


(a (b) A (c) 
) CH3CHa gow CHaCH3 P C(CH3 
EN ENS X 
Br CH4 H.C 
p-Bromocthy benzene o-Ethyltoluene peri-Buryltoluenc 


15.48 The compound has ninc degrees of unsaturation. The 'H NMR spectrum shows that the 


compound is symmetrical and that the only absorptions occur in the vinylic and aromatic 
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regions of the spectrum. The IR spectrum shows peaks due to a monosubstituted benzene 
ring and to R2C-CH (890 cm». 


i 
2 gs 
IN 
15.49 4-Methoxyphenylacetone 
OCH 
ЛАТ 
15.50 2,6-Dichloroaniline 
NH; 
CI CI 
15.51 
H Br H Br H Br Br 
Bro + + E 
E ——>^ -—«— — 9 — 
| 
- + 
15.52 | 
CH3 CH3 CH; | 
Br Br Br | 
di IH н H 
: М + + 
CHa | CHa CH CH3 
27 ; 4 + 
Bro 
е С в; =” on 
CH3 Н CH, Н CH, Н 
27 
< ie | 
; + + 
он в H Br H Bro j 
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The ortho and para products predominate because the intermediate carbocation is more 
stabilized. The third resonance form drawn for ortho-para attack places the positive 
charge at the methyl-substituted carbon, which is a more stable tertiary carbocation. 


15.53 Note: In the cyclic compounds, the charge can be placed on every atom in the ring, while 
in the linear compounds the charge can only reside on every other atom. 


(а) 


+ + 
Н.С A CH Н.С. A CH, CH 
Hl „лы „лы „ОН: Сс 2 ме 2 a z Ru ur M f A S a 2 -———- WON OS EE 2 


(b) 
© tame © eae жзг ен. 


Hoo АМН — НС МН = = HON 7 


15.54 After the two triple bonds are connected a new 14-membered ring is formed. This new 
ring is aromatic. Because of the ring current created by the new aromatic ring the protons 
are shifted downfield. 


Pd 


15.55 The tautomer has an aromatic ring making it the more stable of the two tautomers. 


Q E OH 
н == Я — 
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Methyl Orange 


$ОзМа 
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№ 
HN 


C.l. Acid Red 74 


-———— 
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Chapter 16 — Chemistry of Benzene: Electrophilic Aromatic Substitution 


Chapter Outline 


І. Electrophilic aromatic substitution reactions (Sections 16.1—16.3). 
A. Bromination of aromatic rings (Section 16.1). 


1. 


Characteristics of electrophilic aromatic substitution reactions. 
a. The accessibility of the л electrons of an aromatic ring make it a nucleophile. 
b. Aromatic rings are less reactive to electrophiles than are alkenes. 

i. Acatalyst is needed to make the reacting molecule more electrophilic. 


2. Mechanism of bromination. 


a. Bro complexes with ЕеВгз to produce a positively polarized bromine. 

b. The polarized electrophile is attacked by the z electrons of the ring in a slow, rate- 
limiting step. 

c. The cation intermediate is doubly allylic but is much less stable than the starting 
aromatic compound. 

d. The carbocation intermediate loses H* from the bromine-bearing carbon in a fast 
step to regenerate an aromatic ring. 


B. Other aromatic substitution reactions (Section 16.2). 


1. 


Fluorination, chlorination and iodination. 

a. Fluorination is achieved by using the reagent F-TEDA-BF4. 

b. Chlorine reacts in the presence of FeCl; to yicld chlorinated rings. 

c. lodination occurs only in the presence of an oxidizing agent. 

Nitration. 

а. A mixture of HNO; and Н2504 is used for nitration. 

b. The reactive electrophile is МОХ. 

c. Products of nitration can be reduced with Fe or SnCl to yield an arylamine. 
Sulfonation. 

a. Rings can be sulfonated by a mixture of SO; and H25O. to yield sulfonic acids. 
b. The reactive electrophile is either SO: or HSOs*. 

с. Sulfonation is reversible. 

Hydroxylation. 

a. Direct hydroxylation of an arylamine is rarely done in the laboratory. 


b. In enzyme-catalyzed biological hydroxylations, the reactive species is an "OH" 
equivalent. 


C. Alkylation of aromatic rings (Section 16.3). 


l. 


The Friedel-Crafts alkylation introduces an alkyl group onto an aromatic ring. 


2. An alkyl chloride, plus an АКВ catalyst, produces an electrophilic carbocation. 
3. There are several limitations to using the Friedel-Crafts reaction. 


a. Only alkyl halides — not aryl or vinylic halides — can be used. 


b. Friedel-Crafts reactions don't succeed on rings that have amino substituents or 
deactivating groups. 


c. Polyalkylation is often seen. 
d. Rearrangements of the alkyl carbocation often occur. 
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i. Rearrangements may occur by hydride shifts or by alkyl shifts. 
D. Acylation of aromatic rings. 
1. Friedel-Crafts acylation occurs when an aromatic ring reacts with a carboxylic acid 
chloride (ROCI). 
2. The reactive electrophile is an acyl cation, which doesn’t rearrange. 
3. Polyacylation never occurs in acylation reactions. 
II. Substituent effects in substituted aromatic rings (Sections 16.4—16.6). 
A. Types of substituent effects (Section 16.4). 
1. Substituents affect the reactivity of an aromatic ring. 
2. Substituents affect the orientation of further substitution. 
3. Substituents can be classified into three groups: 
a. Ortho- and para-directing activators. 
b. Ortho- and para-directing deactivators. 
c. Meta-directing deactivators. 
B. Explanation of substituent effects (Section 16.5). 
1. Allactivating groups donate electrons to an aromatic ring. 
2. All deactivating groups withdraw electrons from a ring. 
3. Two kinds of effects are responsible for reactivity and orientation. 
а. Inductive effects are due to differences in bond polarity. 
b. Resonance effects are due to overlap of a p orbital of a substituent with a p orbital 
on an aromatic ring. 
1. Carbonyl, cyano and nitro substituents withdraw electrons. 
(a) These substituents have the structure - Y -Z. 
п. Halogen, hydroxyl, alkoxyl and amino substituents donate electrons. 
(a) These substituents have the structure —Y:. 
ш. Resonance effects are greatest at the ortho and para positions. 
c. Resonance and inductive effects don't always act in the same direction. 
4. Alkyl groups — ortho- and para-directing activators. 
a. Alkyl groups inductively donate electrons to a ring. 


b. Alkyl groups are o,p-directors because the carbocation intermediates are best 
stabilized when attack occurs at the ortho and para positions. 


5. —OH, -NH» groups - ortho- and para-directing activators. 
a. —OH, -NH donate electrons by resonance involving the ring and the group. 
b. The intermediates of ortho- and para-attack are more stabilized by resonance than 
are intermediates of meta attack. 
6. Halogens — ortho- and para-directing deactivatots. 
a. The electron-withdrawing inductive effect of halogen outweighs its electron- 
donating resonance effect. 
b. The resonance effect oricnts substitution to the o,p positions. 
€. The inductive effect dcactivates the ring. 
7. Meta-directing deactivators. 
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a. Meta-directing deactivators act through both inductive and resonance effects. 


b. Because resonance effects destabilize ortho and para positions the most, 
substitution ion occurs at thc meta position. 


C. Trisubstituted benzenes: additivity of effects (Section 16.6). 
1. If the effects of both groups are additive, the product of substitution is easy to predict. 


2. Ifthe directing effects of the groups are opposed, the more powerful activating group 
determines the product, although mixtures sometimes result. 


3. For steric reasons, substitution rarely occurs between two groups that are meta to each 
other. 


III. Other reactions of aromatic rings (Sections 16.7—16.10). - 
A. Nucleophilic aromatic substitution (Section 16.7). 


1. Anarylhalide with electron-withdrawing groups can undergo nucleophilic aromatic 
substitution. 


2. This reaction occurs through an addition/elimination mechanism. 


3. Addition of the nucleophile proceeds through an intermediate Meisenheimer complex 
that is stabilized by o, p electron-withdrawing substituents on the ring. 


4. The halide is eliminated to yield product. 
B. Benzyne (Section 16.8). 
1. At high temperatures and with strong base, halobenzenes without electron- 
withdrawing substituents can be converted to phenols. 


2. This reaction occurs by an elimination/addition reaction that involves a benzyne 
intermediate. 


a. Strong base causes elimination of HX from the aryl halide to generate benzyne. 
b. A nucleophilc adds to benzyne to give the product. 
3. The benzyne intermediate can be trapped in a Dicls- Alder reaction. 


4. Benzync has the electronic structure of a distorted alkyne and has one very weak z 

bond. 
C. Oxidation of aromatic compounds (Section 16.9). 

1. Oxidation of alkylbenzene side chains. 

a. Strong oxidizing agents cause the oxidation of alkyl side chains with benzylic 
hydrogens. 

b. The products of side-chain oxidation are benzoic acids. 
c. Reaction proceeds by a complex radical mechanism. 

2. Bromination of alkylbenzene side chains. 
a. NBS brominates alkylbenzene side chains at the benzylic position. 


b. Bromination occurs by the mechanism described for allylic bromination and 
requires а radical initiator. 


с. The intermediate benzylic radical 15 stabilized by resonance. 
D. Reduction of aromatic compounds (Section 16.10). 
1. Catalytic hydrogenation of aromatic rings. 
a. Itis possible to selectively reduce alkene bonds in the presence of aromatic rings 
because rings are relatively inert to catalytic hydrogenation. 
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b. With a stronger catalyst, aromatic rings can be reduced to cyclohexanes. 
2. Reduction of aryl alkyl ketones. 
a. Aryl alkyl ketones can undergo catalytic hydrogenation to form alkylbenzenes. 
b. Acylation plus reduction is a route to alkyl substitution without rearrangement. 
с. This reaction only occurs with aryl alkyl ketones and also reduces nitro groups to 
amino groups. 
IV. Synthesis of polysubstituted benzenes (Section 16.11). 


А. To synthesize substituted benzenes, it is important to introduce groups so that they have 
the proper orienting effects. 


B. It is best to use retrosynthetic analysis (work backward from the product) to plan a 
synthesis. 
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Solutions to Problems 


16.1 en 
H CH H 
s УУЛ C 3 Br 22 3 C a 
а |. |. 
ҒеВғз ux IN 
Br Br 


e-Bromototluene m-Bromotoluene — p- Bromoroluene 
16.2 
Р ни OIN, T N-— CHSCI 
N NU, 
22 Я Ea 
H—N N— CH;CI 
T 
= ae, 
The z electrons of benzene attack the fluorine of F-TEDA-BF,, and the nonaromatic 
intermediate loses -H to give the fluorinated product. 
16.3 


Cl 
а CH3 CHa Cl CH3 
b Clo 
IL 009 i 
D FeCl 
CHa CH СНз 
а А B 


ө-Ху lene 


Chlorination at either position “a” of o-xylene yields product A, and chlorination at either 
position “b” yields product B. 


СН; H3 H3 H3 
Cl CI 
a с Clo 
— * * 
b FeCl, 
CH CH Cl CH CH 


3 


we Xylene 


Three products might be expected to form on chlorination of m-xylene. 
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2 CH3 CH, 
a | Cl; 
HC А H4C Cl 


pxNylene 


Only one product results from chlorination of p—xylenc because all sites are equivalent. 


di a | A 
| nu ——— i cy — а 
i t H 


Benzene can be protonated by strong acids. The resulting intermediate can lose either 
deuterium or hydrogen. If—H is lost, deuterated benzene is produced. Attack by 
deuterium can occur at all positions of the ring and leads to eventual replacement of all 
hydrogens by deuterium. Only the first step is shown. 


16.4 


16.5 Carbocation rearrangements of alkyl halides occur (1) if the initial carbocation is primary 
or secondary, and (2) if it is possible for the initial carbocation to rearrange to a more 
stable secondary or tertiary cation. 


(a) Although CH, CH, CH3CH? is a primary carbocation, it can’t rearrange to a more 
stable cation. 


(b)  CHs:CH2CH(CI)CHs forms a secondary carbocation that doesn’t rearrange. 


(c) CH,CH, CH, rearranges to the more stable CH, C HCH, СН.СНСН.. 


(d) (CH,), ССН, (primary) undergoes an alkyl shift to yield (CH, ), CCH,CH, 
(tertiary). 
(e) Thecyclohexyl carbocation doesn't rearrange. 


In summary: 
No rearrangement: (a) CHsCHoCI, (b) CHsCH2CH(CICHS, (e) chlorocyclohexane 
Rearrangement: (c) CH3CH2CH2Cl, (d) (CH3))CCH2CI 
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16.6 


16.7 


16.8 


16.9 


Chapter 16 
\ | Ы _ | = 
CHgCHCH)-Cl === СНС Снр AIC | -—— * QHQ4CCH4 AICI, 
А | + 
L Ho € "d 5 
Isobuty! carbocation tert-Bulyl carbocation 
(primary ) (tertiary) 
qn f С(СНд)з | = | 
CH4CCHg AICI, a мы: ын» 
ft ——= a-i М + НО 
P4 


H | + ACh 
tert-Butylbenzene 
The isobutyl carbocation, initially formed when 1-chloro-2-methylpropane and AICI; 


react, rearranges via a hydride shift to give the more stable tert-butyl carbocation, which 
can then alkylate benzene to form fert-butylbenzene. 


To identify the carboxylic acid chloride used in the Friedel-Crafts acylation of benzene, 
break the bond between benzene and the ketone carbon and replace it with a —С]. 


(a) 1 i 
d iud СЕА 
(b) о 


Use Figure 16.11 to find the activating and deactivating effects of groups. 


Most Reactive — —— ——————— ———3 Least Reactive 
(a) Phenol > toluene > benzene > nitrobenzene 
(b) Phenol > benzene > chlorobenzene > benzoic acid 


(c) Aniline > benzene > bromobenzene > benzaldehyde 
Refer to Figure 16.11 in the text for the directing effects of substituents. You should 


memorize the effects of the most important groups. As in Worked Example 16.2, identify 
the directing effect of the substituent, and draw the product. 
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(a) Br 
NO» 
HNO3 
———À— + 
H5SO,4 


Even though bromine is a deactivator, it is an ortho-para director. 


NO» 


NO» 


(b) Мо» 
Bro 
РеВга 
Вг 
(с) OH OH 
Cl 
NL NR + 


No catalyst is necessary because aniline is highly activating. 


16.10 An acyl substituent is deactivating. Once an aromatic ring has been acylated, it is much 
less reactive to further substitution. An alkyl substituent is activating, however, so an 
alkyl-substituted ring is more reactive than an unsubstituted ring, and polysubstitution 
occurs readily. 


16.11 (Trifluoromethyl)benzene is less reactive toward electrophilic substitution than toluene. 
The electronegativity of the three fluorine atoms causes the trifluoromethyl group to be 
electron-withdrawing and deactivating toward electrophilic substitution. The electrostatic 
potential map shows that the aromatic ring of (trifluoromethyl)benzene is more 
electronpoor, and thus less reactive, than the ring of toluene (red). 
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16.12 
Tad QU Qo ољ" 
Hé. Còt H + Cat H ы H + Còt 
М 7 “сн, "N^ CH, ^N^ “сн, “М7 "cH, 
j C 


М 
£n To 
NM ) 

H LLCO H +C 

"N "Он SNT "OH. 


рее е 


more favored 


For acetanilide, resonance delocalization of the nitrogen lone pair electrons to the 
aromatic ring is less favored because the positive charge on nitrogen is next to the 
positively polarized carbonyl group. Resonance delocalization to the carbonyl oxygen is 
favored because of the electronegativity of oxygen. Since the nitrogen lone pair electrons 
are less available to the ring than in aniline, the reactivity of the ring toward electrophilic 
substitution is decreased, and acetanilide is less reactive than aniline toward electrophilic 


substitution. 
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16.13 
Ortho attack: 
* E E P d И Е ` CAS 
H 22 H и н b: 
ou —_—^ " <r | \ 
+ 20:7 ONAN + 20:7 ДА+ 20:7, 
м hi * N d x " * р. 
:0: О: Least ^s, 10: 2° 
sable — ^----- > 
Ф н 07 H 
an 
+ + 
E^ E 
н х H 
=—— 
О + + 
N + E $47 N 
[| CENE I i) i 
:O: Least ^, *Q: x чер 
мае ^^... nt 
The circled resonance forms are unfavorable, becausc they place two positive charges 
adjacent to each other. The intermediate from meta attack is thus favored. 
16.14 (a) 


OCH, 


OCH; OCH, 
E 
OL =O: 
Br Br Br 
E 


Both groups are ortho, para directors and direct substitution to the same positions. 
Attack doesn’t occur between the two groups for steric reasons. 


) 
NH2 
Z Br к Е 
| ——- 
us 


$ 2016 Cengage Leaming. АЙ Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in рап. 


(b 
NH2 
Br 


454 Chapter 16 


Both groups are ortho, para directors, but direct to different positions. Because 
—NH» group is a more powerful activator, substitution occurs ortho and para to it. 


(c) 
NO» 


NO» NO» 
Ci | 1 
E* ом 27 M 27 
ады | + 
Su ux 
E E 


Both groups are deactivating, but they orient substitution toward the same positions. 


16.15 (a) 
Mica Br 
(3) CHS4CH5CI 
и 
Вг CH3 
CH3CH4 
Oe NDS Br 
(ii) VT EN 
Н2504 
CH3 
Although both groups are ortho, para directors, the methyl group directs the 
orientation of the substituents because it is a stronger activating group than 
bromine. 
(b) 
CH3 CH4CH CH 
(i) CH4CH;CI е x 
/ АС 
OCH OCH 
A ! СНз 3 5 
EM 
OCH4 СНз 
(ii) HNO, 
н504 


OCH; 


The methoxyl! group directs substitution to the positions ortho and para to it. 
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16.16 Hydroxide is used to form the nucleophilic phenoxide anion. 


NO; 


Ox viluorfen 


Meisenheimer comples 


Step I: Addition of the nucleophile. 
Step 2: Elimination of fluoride ion. 


The nitro group makes the ring electron-poor and vulnerable to attack by the nucleophilic 
RO ' group. И also stabilizes the negatively charged Meisenheimer complex. 


CH3 CH — нз Ha 
EU | ee + 
2 | Он 
Он 


16.17 


Br * Br | 
p: Bromotoluenc p-Methylphenol—-.- /4- Methylphenol 
Hs Г CH3 


„ОН 
H20 A A 
Gh ne | + 
xl 
OH 


| o-MethyIphenol-—-. 5 Methylphenol 
| 
| 
| 


Вг 
nm-Bromotoluene 


|g 
at: 


RAT p-Methy Iphenol 


Treatment of m-bromotolucne with NaOH leads to two possible benzyne intermediates, 
which react with water to yield three methylphenol products. 
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16.18 


16.19 


16.20 


16.21 


Chapter 16 


Oxidation takes placc at the benzylic position. 


a ON CH(CH Jo ON COH 
(а) СА j KMnO4 a 
| —- | 
SN H20 SN 
m-Nitrobenzoic acid 

b „С(СНзз ‚С(Єнд)з 
(b) iilo: KMnO, d 

T тњо" - 

H3C i HOC 


pteri-Buiylbenzoic acid 


Treatment with KMnO3 oxidizes the methyl group but leaves the tert-butyl group 
untouched. 


Bond CHa4CH5 —H $ „СН2—Н н„с=снсн„—Нн 


Bond dissociation energy 421 kJ/mol 375 kJ/mol 369 kJ/mol 


Bond dissociation energies measure the amount of energy that must be supplied to cleave 
a bond into two radical fragments. A radical is thus higher in energy and less stable than 
the compound from which it came. Since the С-Н bond dissociation energy is 421 

kJ/mol for ethane and 375 kJ/mol for a methyl group C-H bond of toluene, less energy is 
required to form a benzyl radical than to form an ethyl radical. A benzyl radical is thus 
more stable than a primary alkyl radical by 46 kJ/mol. The bond dissociation energy of an 
allyl С-Н bond is 369 kJ/mol, indicating that a benzyl radical is nearly as stable as an 
allyl radical. 


pe 
CH3CHa CHCH; —CHs 
СНз 
AIC pm not 


Styrene 


о 


СТ ОСТ Oe cc 
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16.22 (a) In order to synthesize the product with the correct orientation of substituents, 


benzene must be nitrated before it is chlorinated. 


NO» 


Ct 
nm-Chloronitrabenzeue 


(b) Chlorine can be introduced into the correct position if benzene is first acylated. The 
chlorination product can then be reduced. 


о. „сн 
SUC CHoCH3 


© LN 
ke 2 Абв CT 


m-Chlo о 


(c) Friedel-Crafts acylation, followed by chlorination, reduction, and nitration, is the 
only route that gives a product in which the alkyl group and chlorine have a meta 


relationship. 
М. | | 
А внеса 
i se 


АС 


4-СШого-|-пяго-2-ргоруелиепе 


(d) In planning this pathway, remember that the ring must be sulfonated after Friedel- 
Crafts alkylation because a sulfonated ring is too deactivated for alkylation to accur. 
Performing thc reactions in this order allows the first two groups to direct bromine 
to the same position. 
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SOsH $03 
CH3 CH3 CH3 
CH3CI SO4 Br 
AICl4 H2504 FeBrz 


Br 


3-Bromo-2-methyl- 
benzenesulfonte acid 


16.23 (a) Fnedel-Crafts acylation, like Friedel-Crafts alkylation, does not occur at an 
aromatic ring carrying a strongly electron-withdrawing group. 


(b) There are two problems with this synthesis as it is written: 


1. Rearrangement often occurs during Friedel-Crafts alkylations using primary 
halides. 


2. Even if p-chloropropylbenzene could be synthesized, introduction of the 
second —Cl group would occur ortho, not meta, to the alkyl group. 


A possible route to this compound: 


о. CHCH о „CHCH 
SS Se ee 3 CH CHCH; 


CHSCHS CC 
^ Абв — —=— NR 
e 


Visualizing Chemistry 


16.24 (a) The methoxyl group is an ortho-para director. 


осна ООНА OCH; 
(CY m pon eq 


4 A E гае 
(2) 
OCH, | OCH, OCH, 
CH4CC! 
— + 
АС HaC Si с 

| ! 
о о 

p-Methoxyacetophenone o-Methox yacetophenone 
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(b) Both functional groups direct substituents to the same position. 


CH3 CH3 
= | Brg 
—— > 
Н d ue. FeBr4 Н. K " 
r 
1 


о o 
3-Bromo-4- methylbenzaldchyde 


(2) CH. |i CH3 
CH4CCI 
H АС! H CH 
“с 3 ^c C 2 “8 
|| i || 
о о о 


3-AcetvI-4-methyIbenzaldehyde 


16.25 Inthe lowest-energy conformation of this biphenyl, the aromatic rings are tilted. If the 
rings had a planar relationship, steric strain between the methyl groups and the ring 
hydrogens on the second ring would occur. Complete rotation around the single bond 
doesn't take place because the repulsive interaction between the methyl groups causes a 
barrier (о rotation. 


CH, COH 
One NOs MA 
CAI 23 


16.27 Imagine two routes for synthesis of m-nitrotoluene: 


(1) Alkylation of benzene, followed by nitration, doesn't succeed because an alkyl 
group is an o,p-director. 


16.26 


(2) Nitration of benzene, followed by alkylation, doesn't succeed because nitrobenzene 
is unreactive to Friedel-Crafts alkylation, 


Thus, it isn’t possible to synthesize m-nitrotoluene by any route that we have 
studied in this chapter. 
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Mechanism Problems 
Mechanisms of Electrophilic Substitutions 


16.28 
oF o> 1 { ca 
чс | yr ``: Base 
|j А | N 27 
— « ———— 


5 5 
ICI can be represented as 1 — Cl because chlorine is a more electronegative element 
than iodine. Iodine can act as an electrophile т electrophilic aromatic substitution 


reactions. 
16.29 
| HN 4f | 
ae " 
-- | cc +  *$04H 
+ “OSO3H p 


This mechanism is the reverse of the sulfonation mechanism illustrated in the text. H* is 
the electrophile in this reaction. 


16.30 
CH 
| З. АН Б ; OPO4H» 
CHz,C=CH, i -———  (CH344C* + | OPO4H5 


P CHals | | 
CH3)4C* | i C(CH3); 
( 3136 | 8 7 | АА 
(NET Шу ЖИ ЧЫЙК e 
| + М. : Вазе | SS 


Phosphoric acid protonates 2-methylpropene, forming a tert-butyl carbocation. This 
carbocation acts as an electrophile in a Friedel-Crafts reaction to yield tert-butylbenzene. 
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16.31 When an electrophile reacts with an aromatic ring bearing a (CH3)5N*- group: 


Ortho attack: yu Т, Мы. 
+ | oh oo + ES 
N(CH}, N(CH3)4 р 7 -N(CHg)gs 
t 
що = — — —Hpe- \ + i 
i 
E E M ENS E Lo 
* H "x H 4 
This is a destabilizing 
resonance form because 
two positive charges аге 
next to each other. 
Meta attack: 
E + + Е + Е + | 
| ql — ж 
Ху, s Ы 
Para attack: E P od LN + 
К EN N(CH4)4 РА МСНз)з`х, МСНз)а 
PEE <i 
Е E. 1 Ess AE - 
H NH РИ H 4 


This form is destabilizing. 


The N,N,N-trimethylammonium group has no clectron-withdrawing resonance effect 
because it has no vacant р orbitals to overlap with the л orbital system of the aromatic 
ring. The (СНз) № group is inductively deactivating, however, because it is positively 
charged. It is meta-directing because the cationic intermediate resulting from meta attack 
is somewhat more stable than those resulting from ortho or para attack. 


16.32 The aromatic ring is deactivated toward electrophilic aromatic substitution by the 
combined electron-withdrawing inductive effect of electronegative nitrogen and oxygen. 
The lone pair of electrons of nitrogen can, however, stabilize by resonance the ortho and 
para substituted intermediates but not the meta intermediate. 
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Ortho attack: 


E 
H 
16.33 
CHCl, + AlClg == *СНСЬ АСЫ 
А | СГА CHCl? 
^ жоно dis MS 
——À—— <- [| —— + АСЬ + HCI 
а. 


| (Dichloromethyl)benzene 


(Dichloromethyl)benzene can react with two additional equivalents of benzene by the 
same mechanism to produce triphenylmethane. 


CHCl —, H 
AlCl} | \ 
ла чы 756, 


Tnphenylmethane 
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Вг2 A N Вг» 
FeBr4 Е FeBr4 
Е 
РеВг 
H З Вг 

s H 
Br 

\ / H 


16.34 


Resonance structures show that bromination occurs in the ortho and para positions of the 
rings. The positively charged intermediate formed from ortho or para attack can be 
stabilized by resonance contributions from the second ring of biphenyl, but this 
stabilization is not possible for meta attack. 
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16.35 | 
acid + | 
HO—OH ыы НО Он; reactive electraphile 
Ut x pt кеа 
HO--QH» i Pa? E | OH 
d с\з | E | | 
| ie 2rd | зз : 
a NE М = 


Attack of 

a electrons Loss of proton 
on reactive 

clectrophile 


The reactive electrophile (protonated H202) is equivalent to "OH. 
Additional Mechanism Practice 


16.36 
eo Br 


~~ SH—Br + Ё “ве | 
M CHCH5CHg CHCH3CH; 


i — i 


H 
| у 
Cx 
“CHCH3 
i 


Protonation of the double bond at carbon 2 of 1-phenylpropene leads to an intermediate 
that can be stabilized by resonance involving the benzene ring. 


16.37 _ | 
К, се ren * OH ‚он | 
ii H—OSOSJH а= Д -— | 
-0x и von, 72x 
н ^н HO н нен 


» 
(2) OH obs | H 
„> OH | 
Cl p Sen [| | CH5OH 
H^ ^H ^; 
x 
СІ СІ 
Ci 


CI 
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The formaldehyde cation acts as the clectrophile in a substitution reaction at the 767 
position of 2.4.5-trichlorophenol. 


H Г OH З 
с CH; —OH К CH; OH 
ci H—QSO3H | C 
Ц + i aes 


С! i | С! + :0S03H 


(3) 


Те product irom step 2 ts protonated by strong acid fo produce a cation. 
t4) 


СІ 


а 


Hexachlorophene 


This cation is attacked by a second molecule of 2,4,5-trichlorophenol to produce 
hexachlorophene. 
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16.38 _ 
— 5, 
Benzyne 
* CO; * № 
"^ 
А Diels-Alder product 
OH HO SEE OH 
+ + 
e — À — > —— > 
16.39 
ч Q^ “Base 1 + C 
ENS 
(СНМ CI N(CH4]5 
* 
Ux 
| x 
N 


Step 1: — Attack of the nucleophile dicthylamine. 
Step 2: Loss of proton. 
Step 3: Loss of CT. 


This reaction is an example of nucleophilic aromatic substitution. Dimethylamine is a 
nucleophile, and the pyridine nitrogen acts as an electron-withdrawing group that can 
stabilize the negatively-charged intermediate. 
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16.40 А 
"АО, О | 
| H & il H [~ | 
„С СН- С) „С Сн 
HC [а H | 
= Ci— AlCls p 
\ 
f Ha” СНз f 
C C H CH 
^ —— и + 3 
H4C 3 НЗС 
+ 
|, 
| СНз 
C 
Нас” 
+ На + AlCl 
Step 1: Formation of primary carbocation. 
Step 2: Rearrangement to a secondary carbocation. 
Step 3: Attack of ring л electrons on the carbocation. 
Step 4: Loss of H'. 
This reaction takes place despite the fact that an electron-withdrawing group is attached 
to the ring. Apparently, the cyclization reaction is strongly favored. 
16.41 


(H) 


-:с=0* 


НСІ, AlCl, 


Ee 


H—C-O* AIC. 


Carbon monoxide is protonated to form an acyl cation. 


(2) 


H3C 


H—Czo* 
^ А | + НСІ 
| `o 
Tod 
* АС 


The acyl cation reacts with benzene by a Friedel-Crafts acylation mechanism. 
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16.42 
OH OH 271 Base 
я a 
== + (CH3)2C-Ċ CH» —= (СНз) С — Сн, 
+ 
ш А 
К Loss of 
C(CH3)s H сонды proton 
Protonation of Loss of 
aromatic ring tert-butyl carbocation 
16.43 

+ 
zc d CH3 " (СНз)>5 

о: - (CHa 5 . 

t ы + о 
ue ii 
CH; — H-- 
22 2: Er C FÀ P 
eS 
Wu |. _^`-Вазе | 2. 
+ Вг J 


Step 1: Sw2 displacement takes place when the negatively charged oxygen of 
dimethyl! sulfoxide attacks the benzylic carbon of benzyl bromide, displacing 
Вг . 

Step 2: Base removes а benzylic proton, and dimethyl sulfide is eliminated in an E2 
reaction. 


16.44 The Smiles Rearrangement is an intramolecular Nucleophilic Aromatic Substitution. 


NO 
AW NO», Nu. 2 
HN | 2 Coma НЕ Ss | 2 
Ваѕе 
NO: 
NO; e NO ү 2 
a Nu uA 20 BN 2 н 
Е LII 
нм A MUT GN 22 С] NA 
soy ^N C. N d 
О: „> "r^g 
4 
pp SN NO; | Sy МО» 
NANN Aon N 
H 
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+ 
м м \ f K 
у z N N—N SO,Na 
/ 
NaQ.S 


Meihyl Orange 


Вахе 
— у- — \0 сүн 6, T 3-4 Mel V- Е 
P ae у вА P a SON 


Methyl Orange 


jn. 
Р | z aN 
NaO4S^ 22 NÍ 


Mechanism: 


/ 


(b) 


2+0! 


за 
Allura Red pe 
CH; 
Он 
+ №2055 № 
зона Allura Red 


CH, 


Hs 


3 50 Ма 
у 
Lithol Rubine BK 
Mechanism: "x "m 


CH; di 
22 | 2 
А 
ЭРА < SO;Na SO,Na 
см С! — Base Fe 
Ц eT yer 
a Cons О Litho! Rubine ВК 
| Мы e л | куз д2 н 
| 2 
di Со:ма CONa 
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Additional Problems 


Reactivity and Orientation of Electrophilic Substitutions 


16.46 | | 
Group: Identification: Reason: 

(a) сна o,p-activator Reaction intermediates are 
stabilized by electron donation 
by the amine nitrogen. 

(b) 0,p-aclivator Reaction intermediates are 
stabilized by the electron dona- 
ting inductive effect of the alkyl 
group. 

(c) —9снеснз өр-асиуаотг Reaction intermediates arc 

= stabilized by electron donation 
by the ether oxygen. 

(d) ‘oO: ni-deactivator Reaction intermediates are 
destabilized by electron with- 
drawal by the carbonyl 
oxygen. 

16.47 5 - 
r Br r 
a 
(a) E HNO3 СТ | 2 
— — à 
Н250 Ху. 
22-4 WA 
МО» ON 

o-Bromontirobenzene p-Bromonitrobenzene 

(b) CN OoN CN 

HNO, 
H5SO4 
m-Nitrobenzonitrile 
HNO 
— —- 
Н,804 
ni-Nitrobenzoic acid 
(9) МО» ON " МО» 
HNO, 
H2804 


mi-Dinitrobhenzene 
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e SO4H ON SO«4H 
© „2 HNO 
—— — 
us H2504 
m-Nitrobenzenesulfonic acid 
HNO4 
d + 
H2504 
NO; ОМ 
o-Methax ynitrobenzene p-Methoxynitrobenzenc 


Only methoxybenzene reacts faster than benzene (See Figure 16.11). 


16.48 Most reactive —————————-——————29 Least reactive 
(a) Benzene > Chlorobenzene > o-Dichlorobenzene 
(b) Phenol > Nitrobenzene > p-Bromonitrobenzene 
(c) o-Xylene > Fluorobenzene > Benzaldehyde 
(d) p-Methoxybenzonitrile > p-Methylbenzonitrile > Benzonitrile 


р Вг Вг Вг 
(a) сна : a 
"Ed | 
АСЫ» es 
CH3 нс 


o-Bromotoluene p-Bromotoluene 


(b) HO Br HO Br HO Br 
СНС 
а МИРЧЕ NN 
АС 
HaC СНз 


5-Bromo-2-methylphenot 3-Bromo-4-methylphenol 


16.49 


Both groups direct substitution to thc same position. 


(c) NH» No reaction. AIC], combines with -NIB lo 
CHCl NERONI И O 
AT iac form à complex that deactivates the ring 
с АСіз toward Friedel-Cralts alkylation. 
© “нс 
JM No reaction, The ring 15 deactivated. 
AlCl, 
Cl Ci 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part, 


472 


16.50 


Chapter 16 


(е) CH3 


OH OH 
CH3CI 
————— aad 
AlCl 
C С а с! 


2.4-Dichloro-6-inethy Iphenol 


2 шг? Cl 
ee No reaction. The ring is deactivated. 
AiCls 5 
$ 
(g) Si Cl 
Sal pom No reaction The ring is deacitvated. 
САСЫ > 
H3C 


Br CH3 В СНз 
(h) Зонус. 
АСА 
H4C Br 


1.4-Dibromo-2,5-dimethylbenzene 


Alkylation occurs in the indicated position because the methyl group is more activating 
than bromine, and because substitution rarely takes place between two groups. 


N OH ON OH ON OH 
Cl; ^ А 
ae | + 
Cl Ci 
3-Chloro-3-nitrophenol 2-Chloro-5-nitrophenol 


The -OH group directs the orientation of substitution. 


(b) 
CH CH 
a : Ob di | 
> Г 
CH3 


Е 2^ eee 
dimethylbenzene dimethylbenzene 
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COH Ch. COH A „COH 
Cl 3 Ke 
2 
— Jm * | 
FeCl. CY ДТ 
ON ON OoN С! 


3-Chloro-4-nitre- 2-Chloro-4-nitro- 
benzoic acid benzoic acid 


(с) 


Both groups arc deactivating to a similar extent, and both possible products form. 


(d) 
SO3H Cl SO3H 
СЕ 
— з» 
FeCl4 
Br Br 


3- Bromo-3-chlorobenzenesulfonic acid 


(a) F 22 Е Е 
504 
H550 - | T 
2504 
HO3S SO3H 


p-Fluorobenzene- o-Fluorobenzene- 
sulfonic acid sulfonic acid 


Br OH Br OH Br OH 
(b) 5б. 
Бы NE + 
H804 
HO38 SO3H 


2-Bromo-4-hydroxy- — 4-Bromo-2-hsdroxy- 
benzenesulfonic acid benzenesulfonic acid 


(c) Cl Ci Ct Cl 
SO4 
— 
H2504 
HO3S 


2 A-Dichlorobenzene- 
sulfonic acid 


16.51 


(d) $O3H 
„Он Z OH 
$03 d 
HoSO4 у. | 
2 
Вг Вг Br v Br 


3,5-Dibronio-2-hydrox y- 
benzenesulfonic acid 
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16.52 Most reactive > Least reactive 
Phenol > Toluene > p-Bromotoluene > Bromobenzene 
Aniline and nitrobenzene don’t undergo Friedel-Crafts alkylations. 


16.53 (a) S 
| 
C. CH2CH3 
CH3 Ho 
Pd 
NO, МН 


o-Ethylaniline 


Catalytic hydrogenation reduces both the aromatic ketone and the nitro group. 


Br 
+: 21. НМОз, Н2504 _ H2804 
2. ?.Fe HO — H30* 

Br 


34-Dibromoaniline —. 2.3-Dibr CM 


(b) 


Nitration, followed by reduction with Fe, produces substituted anilines. 


(c) 
СОН 
KMnO, 
oe 
HO 
COH 
o-Benzenedicarboxylic acid 
(Phthalic acid) 


Aqueous KMnO; oxidizes alkyl side chains to benzoic acids. 


H(CH )p Cl CHpCH2CH3 
снуон;онуо ` 
xe 
OCH; OCH, 


4-Chloro-2-isopropyl- 8-Chloro-2-methoxy- 
methoxybenzene propylbenzene 


The methoxy] group directs substitution because it is a more powerful activating group. 
Rearranged and unrearranged side chains are present in the products. 
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16.54 
(a) Ci Cl Cl 
ое M 
——— —— y 
АС 
(b) Б 
о 
AlCla 
О 
i COH ОМ COH 
(c) * нхо; 
nmm d 
Н2504 
(d) N(CHoCHa)o N(CHoSCHa)o N(CHaCH3)a 
$03 " 
HO4S SO4H 
Organic Synthesis 
16.55 
(a) CH3 CH4 COH 


() — 9" a CHs 
CH4CI 1. NaOH 
АС 2. СНАВг 


CH3 CHg 
p-Methoxytoluene 
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The reactions in (b) can be performed in either order. 


CH3 COH 
O;N NO;  OoN NO> 
CHa4CI Bo. KMnO4 
So 3 —— —— 
АІСІ; H580, H20 
NO» №5 
2 4,6-Trinitrobenzoic acid 


NO» 
HNO4 Bro 1.Fe, H30* 
a ————- —————————— M 
H2504 ЕеВгз 2. OH 
Br Br 


m-Bromoanitine 


16.56 When synthesizing substituted aromatic rings, it is necessary to introduce substituents in 
the proper order. A group that is introduced out of order will not have the proper 
directing effect. Remember that in many of these reactions a mixture of ortho and para 


isomers may be formed. 


С! CI 
(a) | 
d Ct; „Снзсос! › 
С 
He” ә, 


p-Chioroacetophenone 


(b) по; jo 
| d | HNO Bro 
— — 
HoS O4 Fe Bra 
bo Br 


m-Bromemirobenzene 
(с) ri 
SOH 
á Bro 503 
—— M — а 
у. FeBra H5SO4 


o-Mromobenzenesulfonic ack! 
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(d) SO4H 


(a) CH, Ha CH3 
" Br 
{ ae — =“ > 
H5SO, FeBr4 Ху. 


2-Bromo-4-nitrotoluene 


16.57 


(b) NO» 


1.3. 5- Trinitrobenzene 


з NOS, 
311580, 
OoN NO; 


(c NOs мн NH3 
4 Вг Вг 
_НМОз _ 1.Fe, НзО* a 3 Br; 
—— a —— 
mcr 2. OH M. 
Br 


2 4, 6-Tribromoaniline 


No catalyst is needed for bromination because aniline is very activated toward 
substitution. 


COH COH 


сн, 
CHCl DE F-TEDA-BF, > 
АС 


m-TVlüoroabenzoic acid 


16.58 (a) Chlorination of toluene occurs at the ortho and para positions. To synthesize the 
given product, first oxidize toluene to benzoic acid and then chlorinate. 


(b) p-Chloronitrobenzene is inert to Friedel-Crafts alkylation because the ring is 
deactivated. 
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(c) The first two steps in the sequence are correct, but H2/Pd reduces the nitro group as 
well as the ketone. 


General Problems 


16.59 Attack occurs on the unsubstituted ring because bromine is a deactivating group. Attack 
occurs at the ortho and para positions of the ring because thc positively charged 
intermediate can be stabilized by resonance contributions from bromine and from the 
second ring (Problem 16.43). 


O3N + 
H 


16.60 When directly bonded to a ring, the -CN group is a meta-directing deactivator for both 
inductive and resonance reasons. In 3-phenylpropanenitrile, however, the saturated side 
chain does not allow resonance interactions of -CN with the aromatic ring, and the -CN 
group is too far from the ring for its inductive effect to be strongly felt. The side chain 
acts as an alkyl substituent, and ortho—para substitution is observed. 


In 3-phenylpropenenitrile, the -CN group interacts with the ring through the a electrons 
of the side chain. Resonance forms show that —CN deactivates the ring toward 
electrophilic substitution, and substitution occurs at the meta position. 


owe A Po 
„М: „М + zN- 
C. 2С C. 26 C. 26 
= = f 
+ H H H 
16.61 (a) 
E 
О о 
+ 
| i СТ 
CH3 CH3 
Actiyated Activated 
by-D- — by-O- 
and -CH4 


Substitution occurs in the more activated ring. The position of substitution is determined 
by the more powerful activating group - in this case, the ether oxygen. 
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(b) 
i 
N 
H 
| Gi. 
N Ы Br 
E t 
sa e " 
Br N 
Activated Activated 
by -N- by -N= 
deactivated E Br 


by -Br 


The left ring is more activated than the right ring. -NHR 15 an ortho-para director. 


(c) 
| T 
Sus a. 
p 
CH3 E* E 

Or 
CH3 


Activated by Activated by 
-—CQHSCHg СИ and 
СН. 


Substitution occurs at the ortho and para positions of the more activated ring. Substitution 


doesn't occur between —CsHs апа —CHs for steric reasons. 


(d) 
[| 


ooo 


Deactivated Deactivated 
by -CzO by -CzO 
and С! 


Substitution occurs at the meta positions of the ring on the left because it is less 
deactivated. 
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16.62 


16.63 


Chapter 16 


В 
о | c 
li 
Сс... D 
b T 
с H * HBr 
di `N 2 Вг 
| кее" НЕЕ O 
un FeBra4 C - 
Deactivated Activated A H Br 
hy C=O by -K- 


Attack occurs in the activated ring and yields ortho and para bromination products. The 
intermediate is resonance-stabilized by overlap of the nitrogen lone pair electrons with 
the z electrons of thc substituted ring. 


* H 
ї о" 
ке ^N 
| 
H 
H 


Br 
^8 A : C 
H NN H 


Similar drawings can be made of the resonance forms of the intermediate resulting from 
ortho attack. Even though the nitrogen lone-pair electrons are less available for 
delocalization than the lone-pair clectrons of aniline (Problem 16.12), the -NH- group is 
nevertheless more activating than the С=О group. 


Reaction of (R)-2-chlorobutane with AIC]; produces an ion pair 

[CH3*CHCH2CH3 АІСМ]. The planar, sp*-hybridized carbocation is achiral, and its 
reaction with benzene can occur on either side of the carbocation to yield racemic 
product. 
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16.64 АП of these syntheses involve NBS bromination of the benzylic position of a side chain. 


(a) CHəCH3 CHBrCH4 CH=CH» 
Clo CH4CH5CI NBS KOH 
FeCls AlCl, (PhO) [к= 
Cl 
(b) CH, HaBr НОН 
2 сна [^ ^) сна 2 NBS NaOH 
————— | —> ——————— ————— 
SN АС» A AICI, (PhCOs)s 
CH5Br CHOH 
#С 1 снысн:а NBS d 4 
= АС РАСО, nani | 
EN 3 ( 22 SS S 
1. BH3. THF 
2. НО». “OH 
CH5CH5OH 
@ 
SN 


16.65 Tbe product is a substituted phenol, whose —OH group directs the orientation of the 
—C(CH3): groups. The precursor to MON-0585 is synthesized by a Friedel-Crafts 
alkylation of phenol by the appropriate hydrocarbon halide. This compound is 
synthesized by NBS bromination of the product of alkylation of benzene with 2- 


chloropropane. 
На q 
CHai5CHCI T 
а SAU pepe ee C—Br 
AlCla | (PhCO5)s | 
CH3 CH3 
, Phenol 
C(CHj)s AICI 
үз 2 (Снз)зСО! 
© он -———3— x UN 
i AIC, 
CH3 


МОМ-0585 C(CH4)4 
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16.66 


16.67 


Chapter 16 


H HO OH HO. .. -OH HO. он 
* + 
— 2E — 
+ 
The trivalent boron atom in phenylboronic acid has only six outer-shell electrons and is a 
Lewis acid. It 15 possible to write resonance forms for phenylboronic acid in which an 
electron pair from the phenyl ring is delocalized onto boron. In these resonance forms, 


the ortho and para positions of phenylboronic acid are the most electron-deficient, and 
substitutions occur primarily at the meta position. 


Resonance forms for the intermediate from attack at C1: 


OO-OU-OO- 00 
-©О-со-со 


Resonance forms for the intermediate from attack at C2: 
n Br " Br 
H H 
— ab ie 
Br Br Br + Br 

27 H H H H 
| -——— = = 

ENS * ja " 


There are seven resonance forms for attack at C1 and six for attack at C2. Look carefully 
at the forms, however. In the first four resonance structures for C1 attack, the second ring 
is still fully aromatic. In the other three forms, however, the positive charge has been 
delocalized into the second ring, destroying the ring's aromaticity. For C2 attack, only the 
first two resonance structures have a fully aromatic second ring. Since stabilization is lost 
when aromaticity is disrupted, the intermediate from C2 attack is less stable than the 
intermediate from C1 attack, and СІ attack is favored. 
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16.68 
о: | ОСН; 
+ СГ 
О E: О 
Meisenheimer complex 
Step 1: — Addition of the nucleophile -OCH3. 
Step2: X Elimination of -CI . 
The carbonyl oxygens make the chlorine-containing ring electron-poor and open to attack 
by the nucleophile OCH3. They also stabilize the negatively charged Meisenheimer 
complex. 
16.69 7 
"Өг + Bro NH» 
E } | ae 
‚е | SN | x NH5 
Vc Ma | | | 3 + 
: | | 255 
| | 
Г СН; | CH3 CHa 
Step 1: Abstraction of proton and elimination of Br . 
Step 1: — Addition of NH: to the benzyne intermediate to form two aniline products. 
The reaction of an aryl halide with potassium amide proceeds through a benzyne 
intermediate. Ammonia can then add to either end of the triple bond to produce the two 
methylanilines observed. 
16.70 (a) 
a (Y. 
( H—0S03H 
О == 


Protonation of the cyclic ether creates a carbocation intermediate that can react in а 
Friedel-Crafts alkylation. 
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(b) 
| 
t H 
"E | 
l J OH 
The intermediate alkylates benzene, forming an alcohol product. 
`- + H20 
+ ; 
Ет А 
о А i M (20M, - 
Protonation of the alcohol, followed by loss of water, generates a second 
carbocation. 
(d) 


d 


: Base 


This carbocation undergoes internal alkylation to yield the observed product. 


16.71 Both of these syntheses test your ability to carry out steps in the correct order. 


(a) 
CH3 CH3 
Br 
OH HNO3 Bro 
AICI4 [ncog FeBra4 
NO» МО? 


+ ortho isomer 
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(CH3)2CHCCI „снос 


AIC 


485 


Oz. T ds H(CH4l» Ox,  CHiCH3)? 
27 
ut M | 
С 
| Pe Pa 
CH3CH(CH3)z CHaCH(CHa)» 
SO3H 
$03 
H2504 
С! Cl 


16.72 Problem 16.51 shows the mechanism of the addition of HBr to 1-phenylpropene and 
shows how the aromatic ring stabilizes the carbocation intermediate. For the methoxyl- 
substituted styrene, an additional resonance form can be drawn in which the cation is 
stabilized by the electron-donating resonance effect of the oxygen atom. For the nitro- 
substituted styrene, the cation is destabilized by the electron-withdrawing effect of the 


nitro group. 


os 
CH4O 


98 — — — — W— 


+ 
CH3O 


favorable 


CHCH4 


CHCH 


SN 
| == 
:0: unfavorable 


Thus, the intermediate resulting from addition of HBr to the methoxyl-substituted styrene 
is more stable, and reaction of p-methoxystyrene is faster. 


16.73 


V 


——{ 
и = 1.54 р 


„Вт has а strong 
electron-withdrawing 
Inductive effect. 


-—À 


и = Рр 


~NH, has а strong 
electron-donaüng 
resonance effect. 


«——[ 
u= 2.997) 


The polarities of the two 
groups add to produce 

а net dipole moment 
almost equal to the sum of 
the individual moments. 
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16.74 


16.75 


16.76 


Chapter 16 


Ar «аш 


(b) 


(d) 


Ге аса Cy 
d е 

E —| 

Br Br Br 


CH3CH2COCI, АСВ; 

H2, Pd/C; 

Bro, ЕеВиз; 

NBS, (PhCO2y; (e) KOH, ethanol 


An electron-withdrawing substituent destabilizes a positively charged intermediate (as in 
electrophilic aromatic substitution) but stabilizes a negatively charged intermediate. For 
the dissociation of a phenol, an CNO: group stabilizes the phenoxide anion by resonance, 
thus lowering AG? and pKa. In the starred resonance form for p-nitrophenol, the negative 
charge has been delocalized onto the oxygens of the nitro group. 


For the same reason described in the previous problem, a methyl group destabilizes the 
negatively charged intermediate, thus raising AG? and рКа, making this phenol less 
acidic. 
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16.77 
(a) 
о © 
HNO; 
єн; н.50, SS 
NO; 
о [o o Q 
+ 
H CH CH 
CH; | | з a + CHa 
+ + H 
н NO н NO H NO; O2N 
Addition of the electrophile to the meta-position 
avoids the unstable resonance form where the 
carbocation is adjacent to the electron 
withdrawing group. This type of resonance form 
is seen when the electraphile adds either ortho- 
or para to an electron withdrawing group 
(b) CH(CH3) (CHa) HC. 
3/2 3/2 
(CH3)2 C HCl, AICI; 
—H M M — We + 
Сн» CH3 СНз 
re H H H 
CH(CH3)z CH(CH3)2 CH(CH3); 
E + 
CH4 CH3 CHa 
resonance form stabilized 
by tertiar carbocation 
H H H + 
(CH35HC (CH3);HC (CH3)j2HC 
+ 
+ 
сн. CH; СНз 


resonance form stabilized 
by tertiar carbocation 
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(c) 

CN CN 
Clo, FeCl 

——- 


cl 


CN 


CN 
| + 
oe * 
H 
CI 


на 


Addition of the electrophile to the meta-position 
avoids the unstable resonance form where the 
carbocation is adjacent to the electron 
withdrawing group. This type of resonance form 
is seen when the electrophile adds either ortho- 
or para- to an electron withdrawing group 


(d) 


CH20 CH3O. CH3O. 
G = be 
щек + 
1 


СНО 
І 


CH;O 


+ 
+ CH30. " CHO 
H H H Mi 


resonance form stabilized by 
extra bond formed with eletron 
donating oxygen 


+ 
CH4O. СНО, + CH30. CH;0 ANG 
—— — -—4——— а^ 
Th t Г us 
+ ОН H H H 
resonance form stabilized by 


extra bond formed with eletron 
donating oxygen 
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16.78 Note: The reactivity is explained by recognizing that nitrogen is a powerful electron 
donor. Electron donors deactivate arenes towards toward nulceophilic aromatic 
substitution. The reaction becomes increasingly more difficult as each molecule of 
ammonia is added. 


СІ МН» 
ET NH p" 
N^ “м —— | “SN 
С! М CI H2N NH2 
s-trichlorotriazine melamine 
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Review Unit 6: Conjugation and Aromaticity 


Major Topics Covered (with vocabulary): 


Conjugated dienes: 

delocalization 1,4-addition allylic position thermodynamic control kinetic control 
vulcanization Diels—Alder cycloaddition dienophile edo product exo product 
s-cis conformation 


Ultraviolet spectroscopy: 

highest occupied molecular orbital (HOMO) lowest unoccupied molecular orbital (LUMO) 
molar absorptivity 

Aromaticity: 

aromatic arene phenyl group benzyl group ortho, meta, para substitution degenerate 
Hückel 4и + 2 rule antiaromatic heterocycle polycyclic aromatic compound ring current 
Chemistry of aromatic compounds: 

electrophilic aromatic substitution sulfonation F-TEDA-BF4 Friedel-Crafts alkylation 
polyalkylation Friedel-Crafts acylation ortho- and para-directing activator ortho- and 
para-directing deactivator meta-directing deactivator inductive effect resonance effect 
nucleophilic aromatic substitution Meisenheimer complex benzyne benzylic position 


Types of Problems: 

After studying these chapters, vou should be able to: 

— Predict the products of electrophilic addition to conjugated molecules. 

— Understand the concept of kinetic vs. thermodynamic control of reactions. 


— Recognize diene polymers, and draw a representative segment of a diene polymer. 


Е Predict the products of Diels—Alder reactions, and identify compounds that are good 
dienophiles and good dienes. 


Calculate the energy required for UV absorption, and use molar absorptivity to calculate 
concentration. 


Predict if and where a compound absorbs in the ultraviolet region. 
— Мате and draw substituted benzenes. 


— Draw resonance structures and molecular orbital diagrams for benzene and other cyclic 
conjugated molecules. 


— Use Hiickel’s rule to predict aromaticity. 

— Draw orbital pictures of cyclic conjugated molecules. 

— Use NMR, IR and UV data to deduce the structures of aromatic compounds. 

— Predict the products of electrophilic aromatic substitution reactions. 

— Formulate the mechanisms of electrophilic aromatic substitution reactions. 

— . Understand the activating and directing effects of substituents on aromatic rings, and use 
inductive and resonance arguments to predict orientation and reactivity. 

— Predict the products of other reactions of aromatic compounds. 

—  Synthesize substituted benzenes. 
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Points to Remember: 


* 


It's not always easy to recognize Diels-Alder products, especially if the carbon-carbon 
double bond of the initial product has been hydrogenated. If no hydrogenation has taken 
place, look for a double bond in a six-membered ring and at least one electron-withdrawing 
group across the ring from the double bond. When a bicyclic product has been formed, it 
has probably resulted from a Diels-Alder reaction in which the diene is cyclic. 


To be aromatic, a molecule must be planar, cyclic, conjugated, and it must have 47 + 2 
electrons in its z system. 


The carbocation intermediate of electrophilic aromatic substitution loses a proton to yield 
the aromatic product. In all cases, a base is involved with proton removal, but the nature of 
the base varies with the type of substitution reaction. Although this book shows the loss of 
the proton, it often doesn't show the base responsible for proton removal. This doesn't 
imply that the proton flies off, unassisted; it just means that the base involved has not been 
identified in the problem. 


Nucleophilic aromatic substitution reactions and substitution reactions proceeding through 
benzyne intermediates take place by different routes. In the first reaction, the substitution 
takes place by an addition, followed by an elimination. In the second case, the substitution 
involves an elimination, followed by an addition. Virtually all substitutions are equivalent 
to an addition and an elimination (in either order). 


Activating groups achieve their effects by making an aromatic ring more electron-rich and 
reactive toward electrophiles. Ortho and para directing groups achieve their effects by 
stabilizing the positive charge that results from ortho or para addition of an electrophile to 
the aromatic ring. The intermediate resulting from addition to a ring with an ortho or para 
director usually has one resonance form that is especially stable. The intermediate resulting 
from addition to a ring with a meta director usually has a resonance form that is especially 
unfavorable when addition occurs ortho or para to the functional group. Meta substitution 
results because it is less unfavorable than ortho or para substitution. 
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Self-test: 


А a-Farnesene 


а-Еагпезепе (A), an important biological intermediate in the synthesis of many natural 
products, has double bonds that are both conjugated and unconjugated. Show the products 
you would expect from conjugate addition of HBr; of Br». What products would you expect 
from ozonolysis of A? Give one or more distinctive absorptions that you might see in the 
IR spectrum of A and distinguishing features of the 'H NMR of A. Would you expect A to 
be UV-active? 


a P di 
О М О «— )- ©, 
RO CHCH; Cl CH=CH» 
B D 


С 
Paroxypropione 


Describe the z orbitals in the ring of B. Might this ring be described as aromatic? 


Paroxypropione (C) is a hormone inhibitor. Predict the products of reaction of C with: (a) 
Brz, FeBrs; (b) CH3Cl, АІСІз; (c) KMnO4, НзО*; (d) H2, Pd/C. If the product of (d) is 
treated with the reagents in (a) or (b), does the orientation of substitution change? What 
significant information can you obtain from the IR spectrum of C? 


Name D. Plan a synthesis of D from benzene. Describe the 'H NMR of D (include spin- 
spin splitting). Where might D show an absorption in a UV spectrum? 


© 2016 Cengage Leaming. АН Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


Review Unit 6 493 


Multiple choice: 


l. What are the hybridizations of the carbons in 1,2-butadiene, starting with C1? 
(a) sp”, sp’, sp’, 5р? (b) sp’, sp’, sp’, sp? (с) sp’, sp, sp”, хр? (d) sp, sp, sp, sp! 


2. In a reaction in which the less stable (15) product is formed at lower temperature, and the 
more stable product (ms) is formed at higher temperature: 
(а) AGms? > AGis? and AGms? > АС 
(b АС? > AGi? and АСь: > АСав$ 
(с) АС < АСк° and АС» > AGist 
(d) AGm? € AGI? and AG! > АС: 
Note: In this problem, a large value for AG? means a large negative value. 


3. Which of the following combinations is most likely to undergo a successful Diels—Alder 
reaction? 


(a) CN (0) 2 CN 
QF Or 
Е О 
ен; H4C Сн» 


4. Which of the following groups, when bonded to the terminal carbon of a conjugated z 
system, probably affects the value of Amax the least? 
(a) -NH» (b)-CI (c) -OH (d) -CH: 


5. If the value of Аах for an unsubstituted diene is approximately 220 nm, and each 
additional double bond increases the value of Ama: by 30 nm, what is the minimum 
number of double bonds present in a compound that absorbs in the visible range of the 
clectromagnetic spectrum? 

(а) 6 (b)7 (с) 8 (d)9 


6. Which of the following compounds is aromatic? 
@ ил, \ © | \ (а) ФЕ 
\ | T 
О 
7. How many benzene isomers of C7H6Br2 can be drawn? 


(a) I0. (Б) 11 (c) 12 (d) i4 


8. Which of the following functional groups isn't a meta-directing deactivator? 
(а) -NO» (b) -CONHCH: (c) -N(CHs5'* (d) -NHCOCH: 
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9: Which of the following compounds can't Бе synthesized by an electrophilic aromatic 
substitution reaction that we have studied? 
(a) m-Cresol (b)p-Chloroaniline (с) 2,4-Toluenedisulfonic acid (d) m-Bromotoluene 


10. In only one of the following compounds can you reduce the aromatic ring without also 
reducing the side chain. Which compound is it? 
(a) p-Bromoanisole 
(b) Acetophenone (methyl phenyl ketone) 
(c) Styrene 
(d) Phenylacetylene 
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II. 


Chapter 17 — Alcohols and Phenols 


Chapter Outline 


Naming alcohols and phenols (Section 17.1). 


A. 


B. 


С. 


Alcohols are classified as primary, secondary or tertiary, depending on the number of 

organic groups bonded to the -OH carbon. 

Rules for naming simple alcohols. 

1. The longest chain containing ће ОН group is the parent chain, and the parent name 
replaces -e with -o/. 

2. Numbering begins at the end of the chain nearer the -OH group. 

3. The substituents are numbered according to their position on the chain and cited in 
alphabetical order. 

Phenols are named according to rules discusscd in Section 15.1 for aromatic compounds. 


Properties of alcohols and phenols (Section 17.2). 


А. 


В. 


Hydrogen-bonding of alcohols and phenols. 

1. Alcohols have sp’ hybridization and a nearly tetrahedral bond angle. 

2. Alcohols and phenols have clevated boiling points, relative to hydrocarbons, due to 
hydrogen-bonding. 

a. In hydrogen-bonding, an -ОН hydrogen is attracted to a lone pair of electrons on 
another molecule, resulting in a weak electrostatic force that holds the molecules 
together, 

b. These weak forces must be overcome in boiling. 

Acidity and basicity of alcohols and phenols. 

1. Alcohols and phenols are weakly acidic as well as weakly basic. 

2. Alcohols and phenols can be reversibly protonated to form oxonium ions. 

3. Alcohols and phenols dissociate to a slight extent to form alkoxide ions and 
phenoxide ions. 

4. Acidity of alcohols. 

a. Alcohols are similar in acidity to water. 

b. Alkyl substituents decrease acidity by preventing solvation of the alkoxide ion. 

с. Electron-withdrawing substituents increase acidity by delocalizing negative 
charge. 

d. Alcohols don’t react with weak bases, but they do react with alkali metals and 
strong bases. 

5. Acidity of phenols. 

a. Phenols are a million times more acidic than alcohols and are soluble in dilute 
NaOH. 

b. Phenol acidity is due to resonance stabilization of the phenoxide anion. 

с. Electron-withdrawing substituents increase phenol acidity, and electron-donating 
substituents decrease phenol acidity. 


ПТ. Alcohols (Sections 17.3—17.8). 


A. 


Preparation of alcohols (Sections 17.3—17.5). 
1. Familiar methods (Section 17.3). 
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a. Hydration of alkenes. 
i. Hydroboration/oxidation yields non-Markovnikov products. 
и. Oxymercuration/reduction yields Markovnikov products. 
b. 1,2-diols can be prepared by OsOa hydroxylation, followed by reduction. 
i. This reaction occurs with syn stereochemistry. 
п. Ring-opening of epoxides produces 1,2-diols with anti stereochemistry. 
2. Reduction of carbonyl compounds (Section 17.4). 
a. Aldehydes are reduced to primary alcohols. 
b. Ketoncs arc reduced to secondary alcohols. 
1. Either NaBHa(milder) ог LiAlHa(more reactive) can be used to reduce 
aldehydes and ketones. 
c. Carboxylic acids and esters are reduced to primary alcohols with LiAIHa. 
i. These reactions occur by addition of hydride to the positively polarized 
carbon of a carbonyl group. 
ii. Water adds to the alkoxide intermediate during workup to yield alcohol 
product. 
3. Reaction of carbonyl compounds with Grignard reagents (Section 17.5). 
a. RMgX adds to carbonyl compounds to give alcohol products. 
i. Reaction of RMgX with formaldehyde yields primary alcohols. 
i. Reaction of RMgX with aldehydes yields secondary alcohols. 
iii. Reaction of RMgX with ketones yields tertiary alcohols. 
iv. Reaction of RMgX with esters yields tertiary alcohols with at least two 
identical R groups bonded to the alcohol carbon. 
v. No reaction occurs with carboxylic acids because the acidic hydrogen 
quenches the Grignard reagent. 
b. Limitations of the Grignard reaction. 
i. Grignard reagents can't be prepared from reagents containing other reactive 
functional groups. 
ii. Grignard reagents can't be prepared from compounds having acidic 
hydrogens. 
c. Grignard reagents behave as carbon anions and add to the carbonyl carbon. 
i. A proton from water is added to the alkoxide intermediate to produce the 
alcohol. 
B. Reactions of alcohols (Sections 17.6—17.8). 
1. Conversion to alkyl halides (Section 17.6). 
a. Tertiary alcohols (ROH) are converted to RX by treatment with HX. 
i. The reaction occurs Бу an Su1 mechanism. 
b. Primary alcohols are converted by the reagents PBr3 and SOCh. 
i. The reaction occurs by an Sn2 mechanism. 
2. Conversion into tosylates. 
a. Reaction with p-toluenesulfonyl chloride converts alcohols to tosylates. 
b. Only the O-H bond is broken. 
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с. Tosylates behave as halides in substitution reactions. 
d. Sw2 reactions involving tosylates proceed with inversion of configuration. 
3. Dehydration to yield alkenes. 
a. Tertiary alcohols can undergo acid-catalyzed dehydration with warm aqueous 
Н›504. 
1. Zaitsev products are usually formed. 


п. The severe conditions needed for dehydration of secondary and primary 
alcohols restrict this method to tertiary alcohols. 


iii. Tertiary alcohols react fastest because the intermediate carbocation formed in 
this ЕІ reaction is more stable. 


b. Secondary alcohols are dehydrated with POCI; in pyridine. 
i. This reaction occurs by an E2 mechanism. 
ii. Pyridinc serves both as a base and as a solvent. 
4. Conversion into esters. 
5. Oxidation of alcohols (Section 17.7). 
à. Primary alcohols can be oxidized to aldehydes or carboxylic acids. 


b. Secondary alcohols can be oxidized to ketones. 

c. Tertiary alcohols aren't oxidized. 

d. Oxidation to ketones and carboxylic acids can be carried out with KMnOa, СгОз, 
or NazCr207. 

e. Oxidation of a primary alcohol to an aldehyde is achieved with the Dess-Martin 
periodinanc. 


i. The Dess—Martin periodinane is also used on sensitive alcohols. 
f. Oxidation occurs by a mechanism closely related to an E2 mechanism. 
5. Protection of alcohols (Section 17.8). 


à. Itis sometimes necessary to protect an alcohol when it interferes with a reaction 
involving a functional group in another part of a molecule. 


b. The following reaction sequence may be applied: 
i. Protect the alcohol. 
it. Carry out the reaction. 
iii. Remove thc protecting group. 
c. А trimethylsilyl (TMS) cther can be used for protection. 
i. TMS ether formation occurs by an Sn2 route. 
ii. TMS ethers are quite unreactive. 
iii. TMS ethers can be cleaved by aqueous acid or by F to regenerate the alcohol. 
IV. Phenols (Sections 17.9—17.10). 
A. Preparation and uses of phenols (Section 17.9). 
1. Phenols can be prepared by treating chlorobenzene with NaOH. 
2. Phenols can also be prepared from isopropylbenzene (cumene). 
a. Cumene reacts with O2 by a radical mechanism to form cumene hydroperoxide. 
b. Treatment of the hydroperoxide with acid gives phenol and acetonc. 
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i, The mechanism involves protonation, rearrangement, loss of water, of water 
to form a hemiacetal, and breakdown to acetone and phenol. 
3. Chlorinated phenols, such as 2,4-D, are formed by chlorinating phenol. 
4. BHT is prepared by Friedel-Crafts alkylation of p-cresol with 2-methylpropene. 
B. Reactions of phenols (Section 17.10). 
1. Phenols undergo electrophilic aromatic substitution reactions (Chapter 16). 
a. The -ОН group is a o,p-director. 
2. Strong oxidizing agents convert phenols to quinones. 
a. Reaction with Fremy's salt to form a quinone occurs by a radical mechanism. 
b. The redox reaction quinone — hydroquinone occurs readily. 
€. Ubiquinones are an important class of biochemical oxidizing agents that function 
as a quinone/hydroquinone redox system. 
V. Spectroscopy of alcohols and phenols (Section 17.11). 
A. IR spectroscopy. 
1. Both alcohols and phenols show —OH stretches in the region 3300-3600 сит". 
a. Unassociated alcohols show a peak at 3600 em 
b. Associated alcohols show a broader peak at 3300-3400 стл". 
2. Alcohols show a C-O stretch near 1050 ст". 
3. Phenols show aromatic bands at 1500-1600 ста". 
4. Phenol shows monosubstituted aromatic bands at 690 and 760 cm™!. 
B. NMR spectroscopy. 
1. In C NMR spectroscopy, carbons bonded to -OH groups absorb in the range 50-80 
ó. 
2. 'H NMR. 
a. Hydrogens on carbons bearing -OH groups absorb in the range 3.5-4.5 б. 
і. The hydroxyl hydrogen doesn't split these signals. 
b. D20 exchange can be used to locate ће О-Н signal. 
c. Spin-spin splitting occurs between protons on the oxygen-bearing carbon and 
neighboring —H. 
d. Phenols show aromatic ring absorptions, as well as an О-Н absorption in the 
range 3-8 à. 
C. Mass Spectrometry. 
1. Alcohols undergo alpha cleavage to give a neutral radical and an oxygen-containing 
cation. 


2. Alcohols also undergo dehydration to give an alkene radical cation. 
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Solutions to Problems 


17.1 The parent chain must contain the hydroxyl group. and the hydroxyl group(s) should 
receive the lowest possible number. 
(a) OH Он (b) ish 
CH4CHCH3CHCHCH . CH=CH H. 
3CHCH; ME Z^ 2 pus 3 
CHa | CHa 
A 
5- Methyl. 2 4-hexanedial 2-Methyl-4-phenyl-2-butanol 
(Qo H9 (d) т 
--Br 
CH3 е 
CH3 CH 
J4-Dimethyleyclohexanol OH 
(18.28)-2-Bromocyclopentanul 
(e) H3C OH (f) i 
Br 
3-Bromo-3-methylpheno! 2-Cyclopenten- l -ol 
17.2 
C=C 
/ \ 
H CHoCHa4 
(GZ)-2- Ethyl-2-buten-1-0l 3-Cyclohexen-1-ol 
H OH OH 
c d 
(с) "T ae (d) 
CH4CHCH;CH3CH50H 
trans-3-Chlorocyclobeptanol A Dur : 
and enantiomer | 4-Pentanediol 
(e) OH (f) OH 
НЗС CH; 2 CH3CH40H 
WM 2 


2,6-Dimethy!phenol 


04 2-Hydrox vethy phenat 
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17.3 


17.4 


17.5 


17.6 


Chapter 17 


In gencral, the boiling points of a series of isomers decrease with branching. The more 
nearly spherical a compound becomes, the less surface arca it has relative to a straight 
chain compound of the same molecular weight and functional group type. A smaller 
surface area allows fewer van der Waals interactions, the weak forces that cause covalent 
molecules to be attracted to each other. 


[n addition, branching in alcohols makes it morc difficult for hydroxyl groups to 
approach each other to form hydrogen bonds. A given volume of 2-imethyl-2-propanol 
therefore contains fewer hydrogen bonds than the same volume of 1-butanol, and less 
energy is needed to break them in boiling. 


Least acidic ————-—————————————————————— Most acidic 
(a) HC=CH < (CHsbCHOH < CH30H < (CF:sbCHOH 


alkyne hindered alcohol alcohol with electron- 
alcohol withdrawmg groups 
(b) p-Methylpheno] < Phenol < . p-(Trifluoromethyl)phenol 
phenol with clectron- phenol with electron- 
donating groups withdrawing groups 
(c) Benzyl alcohol < Phenol < p-Hydroxybenzoic acid 
alcohol phenol carboxylic acid 


We saw in Chapter 16 that a nitro group is electron-withdrawing. Since electron- 
withdrawing groups stabilize anions, p-nitrobenzyl alcohol is more acidic than benzyl 
alcohol. The methoxy! group, which is clectron-donating, destabilizes an alkoxide ion, 
making p-methoxybenzyl alcohol less acidic than benzyl alcohol. 


(a) 
| : CH 
Сава ча t. ВНЗ, THF № 
с=с 2. H505. OH снзснәснснснз 
H СНз OH 
2-Methyl-3-pentanol 

In a hydroboration/oxidation reaction, the hydroxyl group is bonded to the less 

substituted carbon. : 
(b) 


H3C OH 


27 f. 12. Hg(OAc);. Н20 
| 2. NaBHy 
Su 


2-Methvyt-J-phenvi-2-butanol 
Markovnikov product results from oxymercuration/reduction. 
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(c) 
\ / 1. 0504 \ Í \ rat 
C=C ен н--С—С--н == -C—C 
/ \ 2. NaHSOs. Н, 20” 4 \ H' 4 \ 
Calg Cag СаНо САН» СаНо OH 
meso-5 6-Decanediol 
Hydroxylation results in a diol with syn stereochemistry. 
17.7 (a) 
OH О 
1. NaBH4 | i 


i li 
CH3CCH2CH2COCH; теж CH3CHCH2CH2COCH; 
E 


NaBH; reduces aldehydes and ketones without interfering with other functional 


groups. 
(b) 
Q OH 
|} 1. LiAIH, | 
CH4CCH;CH,COCH, ож» CH4CHCHSCH;CH;0H 
-H3 
LiAIH4, a stronger reducing agent, reduces both ketones and esters. 
О 
A LA, 
2. 2.H3,0° 
LiAIHa reduces carbonyl functional groups without reducing double bonds. 
17.8 (a) 


f 
(ы. CHOH 
H “OR 4, 1.ШАНА d | 
o > ENT б 


Benzyl alcohol may be the reduction product of an aldehyde, а carboxylic acid, ог an 
ester. NaBHa may be used to reduce the aldehyde. 


(b) 
П 
С 
7OHs 4, MEUM 
2. $.H405 
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Reduction of a ketone yields the secondary alcohol. NaBH4 may also be used here 
and in (c) 


OH 
de 1. ВАНА _ H 
2. 2 H5 


1. LiAIH 
(CH4)4CHCHO er (CH3)oCHCO3H or (CHg)gCHCO2R —— А 


(CH3)9CHCH2OH 


17.9 All of the products have ап —ОН and a methyl group bonded to what was formerly а 
ketone carbon. 


О 
(а) Т HO CH, 
1. CH4MgBr 
Se a 
2. H40* 
(b) " HQ a 
С 
1. 1. CHaMgBr _ 
2. 2.HgO5 ^ 
(©) i 1. CHaMgBr n 
: 3 
CH3CH5CH53CCH5CHs Е снаСнәСн;ССН;СН» 
CHa 


17.10 First, identify the type of alcohol. If the alcohol is primary, it can only be synthesized 
from formaldehyde plus the appropriate Grignard reagent. If the alcohol is secondary, it 
is synthesized from an aldehyde and a Grignard reagent. (Usually, there are two 
combinations of aldehyde and Grignard reagent). А tertiary alcohol is synthesized from a 
ketone and a Grignard reagent. If all three groups on the tertiary alcohol are different, 
there are often three different combinations of ketone and Grignard reagent. If two of the 
groups on the alcohol carbon are the same, the alcohol may also be synthesized from an 
ester and two equivalents of Grignard reagent. 


(a) 2-Methyl-2-propanol is a tertiary alcohol. To synthesize a tertiary alcohol, start with 


a ketone. 
H 
Gace: МЕРЫ, dace 
CH3 


If two or more alkyl groups bonded to the carbon bearing the -OH group are the 
same, an alcohol can be synthesized from an ester and a Grignard reagent. 
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O H 
| 1.2 СНЗМаВг 
CH4COR ———-=———— CH4CCH4 
2. H30 i 
CH3 


2-Methy!-2-propanol 


(b) Since I-methylcyclohexanol is a tertiary alcohol, start with a ketone. 


S OH 
1. CH4MgBr CH3 
— ed 
2. H30* 


1-Meihyleyclohexanol 


(c) 3-Methyl-3-pentanol is a tertiary alcohol. When two of the three groups bonded to 


503 


the alcohol carbon are the same, either а Кеюпе or an ester сап be used as a starting 


material. 
О 
| 1, CH4MgBr 
2.H40 os 
or | 
О ©ОНАСНУСОН;©Н3 
[ 1. CH3CHoMgBr | 
CH3CHsCCH3 —— mw CH, 
2.H40 
or 3-Methy1-3-pentanol 
9 1. 2 СНАСНМдве 
CH3COR 2. НО" 


(d) Three possible combinations of ketone plus Grignard reagent can be used to 
synthesize this tertiary alcohol. 


Q 
d 
id 
d | CH2CHs 4 Ch MgBr 
————— —Ó- 
N 2. H40* HO „СНз 
C < 
or © CH5CHa4 
С м 


CH, iCHsCHoMgBr 


2. H30* 
3 2-Phenyi-2-butanol 
ОҒ О 
[| 1. CgHaMgBr 
CH3CH5CCH5 s 


2. H30* 
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(e) Formaldehyde must be used to synthesize this primary alcohol. 


9 CH;OH 
l 1. CgHsMgBr 
H^ ^H 2 ЊО“ 


Benzyl alcohol 


(D  Asin(e), use formaldehyde to synthesize a primary alcohol. 


С 1 е - (СНа)оСнСнСНСНОН 
H^ ^H 2 НО 


3J-Methyl-1-pentanol 


17.11 First, interpret the structure of the alcohol. This alcohol, 1-ethylcyclohexanol, is a tertiary 
alcohol that can be synthesized from a ketone. Only one combination of ketone and 
Grignard reagent is possible. 


о 
1. CH3CH2MgBr =: 
2H Нзо* 


17.12 Recall from Chapter 11 that OH is а very poor leaving group in reactions run under Sn2 
conditions. А toluenesulfonate, however, is a very good leaving group, and reaction of 
the toluenesulfonate of the alcohol with “CN proceeds readily under Sn2 conditions to 
give the desired product with inversion of configuration at the chirality center. 


н CH3 н Hs 
= | OH р-тоза ""OTos 
idine 
E E pyri 
HC. L 
Ое 
17.13 (а) 
OH CH4CH CH H CH(CH4) 
| РОС!» SX. Ө E. ену 
э-—--------җе— == + = 
CH3CHSCHCH(CHgo торе С=с с=с, 
н CH, нс H 


major minor 
HsC, НСНУ? 


minor 


The major product has the more substituted double bond. 
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In E2 elimination, dehydration proceeds most readily when the two groups to be 
eliminated have an anti periplanar relationship. In this compound, the only hydrogen 
with the proper stereochemical relationship to the -OH group is at C6. Thus, the 


non-Zaitsev product 3-methylcyclohexene is formed. 


(с) 
1 40H 
РОС 
n 
2 pyridine 
' *CHs “CH3 
H l-Methyleyclohexene 


Here, the hydrogen at C2 is trans to the hydroxyl group, and dehydration yields the 


Zaitsev product, 1 -methylcyclohexene. 


(d) 


H3C (CHeCHg 
C=C 
é \ 
HC CH3 
ae 2.3-Dimethy]-2-pentene 
3 POCI; major 
Rum mnc. cd 
CHSCHCCH;CH; ee 
СНз HaÇ 
CHCH Сз 
C=C 
/ \ 
HaC H 


(Z)-3 4-Dimethył-2-pentene 
minor 


(e) ou 
CHCH 
CH4CHSCH Сон is ` je C 
————— = 
3772 x 3 pyridine / \ 
сн; H 


En 
CHCH H 
\ / 
+ = С. + 
2-Ethyl-3-methyl- 1 -butene 
minor 
255 
CH3CH H 
^ / 
+ C=C 
/ \ 
нс CHa 
(F)-3.4-Dimethyl-2-pentene 
minor 
CH 
CH3 | 3 


+ CH34CH5CH5C = CHa 


CH3 
2-Methy1-2-pentene 
major 


2-Methyl-1-pentene 
minor 
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17.14 Aldehydes are synthesized from oxidation of primary alcohols, and ketones are 
synthesized from oxidation of secondary alcohols. 


H H О 
т. с 
~CH3 cro "CH 
2з 
H30* 
(b) CH3 Ж СНз 
| Pertodinane | 
CH3CHCH20H CHaCHCHO 
CH3Cl; 
(c) OH 5 
C^ s. OF 
H30* 
17.15 
Starting material CrO;, H,0* Product Periodinine Product 
(а) CHgCHaCHgCH CH gCH20H | CHaCH2CH2CHpCH COH | CHyCH»CH»CHyCH2CHO 
(b} OH ‘ о 
|] 
CH4CH5CH9CH5CHCH CH4CH5CH5CH5CCHs CH4CH5CH5CH5CCH4 
(c) CH4CHoCH5CH5CH5CHO CH3CHoCHoCHoSCH5COSH no reaction 
17.16 
pes 2 
њо 29 oe 
EDU (x —————»- FSi(CH4)4 + 
E H4C CH3 
This is an Sn2 reaction in which the nucleophile F attacks silicon and displaces an 
alkoxide ion as leaving group. 
17.17 
CH 
2—7*H—OPOsH» 
CHC—CH, i4 а (СНззС+ + ТОРОН, 
Phosphoric acid protonates 2-methylpropene, forming a tert-butyl carbocation. 
H | H d H 
(CH4jC* | =, C(CH4)4 
co eR = | = 
+ 7-1 Base 
CH СН | CHa 
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The tert-butyl carbocation acts as an electrophile and alkylates p-creso). Alkylation 
occurs ortho to the -OH group for both steric and electronic reasons. 


H H H 
(CH3)C * (CH3)aC 
| С(СНз)з | » Н C(CHg3| (СНз)зС C(CH3)s 
k + 
: Base 
CH3 | CH3 | CH3 
BHT 


A second tert-butyl carbocation alkylation forms BHT. 


The infrared spectra of cholesterol and 5-cholestene-3-one each exhibit a unique 
absorption that makes it easy to distinguish between them. Cholesterol shows an -OH 
stretch at 3300-3600 cm !, and 5-cholestene-3-one shows a C=O stretch at 1715 cm”. In 
the oxidation of cholesterol to 5-cholestene-3-one, the -OH band disappears and is 
replaced by a C=O band. When oxidation is complete, no —OH absorption should be 
visible. 


Under conditions of slow exchange, the -OH signal of a tertiary alcohol (R3COH) is 
unsplit, the signal of a secondary alcohol (RxCHOH) is split into a doublet, and the signal 
of a primary alcohol (RCH20H) is split into a triplet. 

(а) 2-Methyl-2-propanol is a tertiary alcohol; its -OH signal is unsplit. 

(b) Cyclohexanol is a secondary alcohol; its -OH absorption is a doublet. 

(c) Ethanol is a primary alcohol; its -ОН signal appears as a triplet. 

(d) 2-Propanol is a secondary alcohol; its -OH absorption is split into a doublet. 

(e) Cholesterol is a secondary alcohol; its -OH absorption is split into a doublet. 

(f)  1-Methylcyclohexanol is a tertiary alcohol; its -OH signal is unsplit, 


Visualizing Chemistry 


17.20 


(a) ÇHa (b) H4C 
CH3CHCH2. .. CHzCHa 


A HO 
H OH 


(R)-5-Methyl-3-hexanol cis- 3M Methylcyclohexanol 
-5-] |l-3-hexar 
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(с) BI (4) OH 
CH 
á`. 
H Он 


(5)- 1-Cyclopentylethanol HaC мо» 
4-Methyl-3-nitrophenol 


17.21 The reduction product is a racemic mixture. Reaction of the (5) enantiomer is shown. 


aad €: ($)-5-Methyl-2-hexanol 
3 


HO н 
(i) | Na ШЕ Dess-Martin | (їн) 
periodinane 


+O H н Cl О 
(b) 
dio s CHO or dio mo or “У “соза 
НС H нс H bd H 
Se a ул ey м aic к жашы, 
1. LIAI H4 
| 2. Но? 
OH 
p diis ($)-3-Methyl- I -pentanol 
нс H 
(i) | Na di) | SOCI; Dess—Martin | (iii) 
pertodinane 
О Na* [e 
ЖР dir do das ©ТУ “оно 
H3C H HaC H нс H 
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17.22 
(а) Ң СНз 
t 
HaC. „С 
4` 
H OH 
Br 
(bi H CHa 
м. с „С 
d`. 
H OH 
Br 
(с) H Cha 
His, ee 
A^ 
H OH 
Br 
(d) rad 
НСС 
4\ 
H OH uM 
Br 
(e) H СНз 
Pa N 
Ay 
H OH М. 
Br 
17.23 
@ mo 0 
CH4CHCHSCH5COCHs 
ы ўз т 
CH3CHCH5CH;COCHs 
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H CH3 
РВгз ы 
cR. С. 
E 
Г | 
Br H чу, 
er 
з qa 
aqueous HC С н С 
T 
H CH3 
major minor 
Br 
H CH3 
SQCI? M 
НС pU Д2 
A^ 
Cl H IN 
Br 
NUUS 
Dess~Martin н.с C 
periodinane “с^ 
—» || 
CHaClo о 
Вг 
H CH3 HCH Br 
Bra HAC ы VV 
FeBr Pr Sese 2 Meee ee 7 
A | г | 
HOH ix HOH Ww , 
то" T 
Br Br 
T no reaction 


—— ee 
2. H30* 
ith 


1. LiAIH 
А, ^ CHQCHCH;CH;CHSO0H + носна 


— —Mn- 
2. H30* 
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(c) CHa о нз po 
l | 1.2 CH3CH5MgBr 
CHgCHCH)CH;COCHg zo> =  CHSCHCH;CH;CCHCHs + HOCH; 
"179 
СН?СНз 
17.24 
H3Ç H H3C H Ha Н 
C. Jong Е C. R сн C. S сн 
—— He 4 
CH4CH; S те” ? 2.нзо* CH4CH;^S URBC 3 оњсн,5 Е ; 
О HO CH;CHs CHCH OH 
QR AS-3,4-Di- (3845)-3 4-Di- 
methy1-3-hexanol methyl-3-hexanol 


The product is a mixture of the (32,45) and (35,45) diastereomers. The diastereomers are 
formed in unequal amounts, and the product mixture is optically active. We can’t predict 
which diastereomer will predominate. 


Mechanism Problems 


17.25 _ 
HaC, CHa HaC, Сна HaC, CH3 
С ,CH С CH C CH 
ніс“ ^c 3 He” “с^ 3 Ha РА 26" 3 
FX | © 2 | н.о 
y H QH ' = H ^OH5* н? 2— 
HOSO;0 ну — ES 
CH3 сна 
Ca „Сн tG CH 
aE AS rN RS 
но" + ЊСТ SGT Hg re 
CH3 ! ув 
:0н, 


Step i: Protonation. 

Step2: |. Loss of H20. 

Step 3: Alkyl shift to form the tertiary carbocation. 
Step4: Loss of Hi0*. 
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17.26 This mechanism consists of the same steps as are seen in Problem 17.25. Two different 
alkyl shifts result in two different cycloalkenes. 


HaC СН и ^ pis 
OH 7 


5 
At | 
Хон, | 
| 
| 
Нс CH3 / N | 
3 loss of H,O | 
Р i 
+ H20 
| two different 
alkyl shifts 
ОН» 
Нас СНз 4 
+С H 
| loss of H* 
а. 
+ + + 
+ H30 | H30 
Isopropylidenecyclopentane 1 2-Dimethyleyclohexene 
17.27 _ 
H н H 
К, i Ae H OH 
А | | H30* 
О; —. P — 
zd TE —- | R ү 
1 H : CH3 : CH3 
Sle :СНз 


Step 1: SN2 reaction of Grignard reagent. 
Step 2: Protonation of alkoxide oxygen. 


The methyl group and the hydroxyl group have a trans relationship. 
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17.28 
1 CH3 1 
СНз | 
| | 
| HO i ОН? 
i H H 
НАС СН 
| | 2. 
г СНз CH; | 
2: 
HO ZH ; 
: H , B | 
H | H | 
Step 1: — Protonation. 
Step 2: Addition of H20. 
Step3: Loss оЁН*. 
17.29 
О HO H H OH 
i 1. NaBH m M 
H.C C | 4 HaC С НС C 
3 "8^ SCH; 2 њо" 3 "qs “сн, + 3 “сея “сну 
НН НН HH 
Reaction of 2-butanone with NaBH produces a racemic mixture of (R)-2-butanol and 
(S)-2-butanol. 
17.30 (a) 
OH СІ 
НСІ 
Mechanism: 
HCE is 


sc: 


:Он tAn "m cl 
E e 
——»- — — 
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(b) 
H Вг 
Mechanism: 
H Вг: 22 
LJ Е г. ча 
у OH y OH? ++ = м в“ 
—- А = 2S = „СС SF ROM 
(c) 
OH CI 
НС, 
Mechanism: 
H Cl: .. = "E 
| j ©: б: 
OH (бн; "dei 
A 
— Joe ——— —— n 


17.31 (a) Teritary alcohols undergo exclusively Sn1substitution. 


OH CI 
A, rue TK 


(b) Reactions with PBr3 undergo 52 substitution 


OH Br 


(c) In this reaction the primary alcohol is first converted to a primary tosylate. Primary 
tosylates undergo exclusively Sw2substitution. 


1. p-TosCl, 
pyridine 


OH Б НЕ Вг 
а 2. МаВг ruo ad 
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17.32 (a) 
OH 
Mechanism: 


Hy 4-H 
‘ae CoO” 10H 


H 
+./ 
OHO Cos H 
.. 2 
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(b) 
^p 


Mechanism: 
"^ «1 
c] 
on uM 
С | 
а: 
_ POC &. 
piane ^ 
Mechanism: 


17.34 (a) 


P dd дс» 


(R)-3-bramobutan-1-ol — TBS-CI 


d NA ТОРОО 
РЕВ рос, C Ó 
(o a ) 


tert-butyldimethylsilyl chloride (TBS-CT) 


— 


(CHsCHo)joN: 7 


B 


(b) triisopropylsilyl chloride (TIPS-C!) 


(c) triethylsilyl chlorides (TES-CI) 


хо о 


TES-CI 


о. = 
dr 


TIPS-CI 


——- 


Br 


(Сн:Сн зм: 


KIF 


H 


(CHCH NI TN 


A 


Alcohols and Phenols 


Br h / 
8 x. 
Xr 
EN 
B №. nu сы 
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„POCI H2504 
OH —— ———— 
“pyridine 


In the POCh reaction the elimination reaction mechanism is E?. In the elimination 
catalyzed by sulfuric acid the mechanism is Е] and results in a carbocation that 
undergoes rearrangement. 


_РОСЬ _ 
“pyridine _ 


Mechanism: 


О + 
| ОРОС 
АО 6 е 
^ | C H / \ 
Мер as NN 


4 Dex 
— — H t. —— 
ОРОСЬ 
= LN 


Mechanism: 
LI о . 
| .. 
H L] OH — 
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) 
4 
“©: 
| 
—o 
Ol 
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6 6 
7 
TERES 1 FERE 1 e 7 Он: 
2 $ 2 : m 
3 3 
17.36 (a) 
Dt Кер 10% EU t 


This resonance form destabilized 
by having negative charge next to 
an electron donating methyl group 


(b) 
pu SUP 30% 30% AV Luo 
i. Se m 
Җ = 
м2 ne м E di м2 
This resonance form is stabilized 
by having the negative charge on 
the electronegative nitrogen 
(c) 
Lc e : Ое ms A zo s 
| =--—- — -——њ- 
Su. - EE A 
‘Осн; ОСН: ‚ОСН: ОСН: 


Because there is no direct effect through resonance the OCH, group does not have а significant effect on the pK, of the parent phenol 


Additional Problems 


Naming Alcohols 
17.37 

(a) (b) (c) 

ну OH OH 
HOCH5CH;CHCH;OH CHSCHCHCH;OHs se 
CH2CH3CH3 Р 
H 
HO 


2-.Methyl-1.4-butanediol — 3-Ethyl-2-hexanol cis- 1,3 Cyclabutanecdiol 
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(d) (e) (f) 
OH 


H == 
и СН OH N=C Br 
e н” н 


2-Bromo-4-cyanophenol 


or 
| | 3-Bromo-4-hydrox y- 
cis-2-Mcethyl-4-cyclohepten-Ó-01.— cis-3-Phenyleyclopentano! benzonitrile 
17.38 None of these alcohols has multiple bonds or rings. 
ri ү 
CH3CH3CH2CH3CH»OH CH4CH2CH2CHCHs CH4CH5CHCH2CHs 
i-Pentanol 2-Pentanol 3-Pentanol 
rdi on 
М 
снасньснснон CH3CH2ÇCH3 CHyCHCHCHg 
ж 
CH CH CH3 
2-Methyl- 1-butanol 2-Methyl-2-butanot 3-Methy]-2-butanol 
р 
носносн:Снсн; ovens 
CH3 CH 


3-Methyl-1-butanol 2 2-Dimethyl-1-propano! 

2-Pentanol, 2-methyl-1-butanol and 3-methyl-2-butanol have chiral carbons (starred). 
17.39 Primary alcohols react with CrO; in aqueous acid to form carboxylic acids, secondary 

alcohols yield ketones, and tertiary alcohols are unreactive to oxidation. Of the eight 


alcohols in the previous problem, only 2-methyl-2-butanol is unreactive to CrO: 
oxidation. 
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СНаСНСН>СНоСНоОН 
OH 
CH3CH2CH>CHCH3 
он 
сн;снНСнСн,Снз 


снзснгснснгон 
CH3 
OH 
CHaCHCHCH, 
Сн» 
HOCH;CH,CHCH; 
CH3 
j^ 
CHSCCH20H 
СНз 


17.40 


27 27 


Bombykol 
17.41 
CH 
CHCH, A OH 
CH; 
С CH3 


Alcohols and Phenols 
CH3CH5CH5CH3CO5H 
CH4CH5CH2CCH35 


1 
CH4CHCCH3CHa 


СнзснгснСОгн 
CH3 


CHSCCHCH; 
сн 
Ногсснгснсн; 
CH 


CORE .T27)-0,] 2-Hexadecadien-1-0] 


Carvacrol 


5-lsopropyl-2-tnethyiphenal 
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Synthesizing Alcohols 


17.42 In some of these problems, different combinations of Grignard reagent and carbonyl 
compound are possible. Remember that aqueous acid is added to the initial Grignard 
adduct to yield the alcohol. 


(à!  СНСНО + CH,CHMgBr | qH 
on ^ ——> GHgGHCH CH, 
CHCH CHO * CHaMgBr | 2- Butanol 
(b) rn 


CH4CH;CHO + CH3CH;MgBr ———>_ CH4CHSCHCH;CH; 
3-Pentanal 
(c) Hs CHa 


C + CHO ——- oM 
нс “мов, нәс® “CHOH 


2- Methyl-2-propen- 1-01 


Triphenyimethanol 


WE CCH, + CH4MgBr : 


HO CH3 
бов + 2CH3MgBr > ——- Nn С 
o : E 
oc Б 
MgBr + CH3CCH3 2-Phenyl-2-propanai 
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(B MgBr снгон 


17.43 (а) 
Alcohol Carbonvl precursor(s) 
бнз сну CH3 
онзснесноснасснгон снзбнсньсньссно онзснгснгснгсСогн 
CH3 СН Сн» 
сы 
снзонгснәснгссоя 
CH, 
(b) 
T i 
{(CH3)gCCHCH, (CH4)4CCCH4 
(c) 


nd | 
(overs (yere 


17.44 
Grignard Reagent + Carbonyl Compound ——9 Praduct (after dilute 
acid workup) 
(a) ii ` | 
CH3MgBr +  CH3CCH, | 
or У r (CH4)4COH 
il 
2 CH3MgBr * CH3COR 
(b) о zi 
снн 


CH4CH5MgBr + ——- 
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(с) 


(4) 


(е) 


(f) 


Grignard Reagent + Carbonyl Compound 


0 | 
CH3CHpMgBr + 2007 


or 


or 


9 | 
2 CHgCHyMgBr + roc S > 
5 

|| 


’ \ мы + CH3CHCCH2CH3 - 


— P 


О 
Н 
CH4CH5CH 2MgB: * CH4C 


ӨГ 


or 


1 
{Уш + CH4CHaCH5CCHs | 
à 


CHoMgBr 
+ НС =0 
Нас 
О 
Н 
CH4MgBr T CHaCCHa 


or 


о 
H | 
2 CH3MgBr + [обоя ( — [orator 


or 


T 
[ое + CH4CCH; 


q . 
CH3MgBr + onone X : 


— > Product (after dilute 
acid workup) 


OH 


| 
=> CH4C H5CCHa4CH; 


OH 


| 
С СНЗСН>СНССНз 


СН>СН2ОН 


НЗС 
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17.45 All of these syntheses involve a Grignard reaction at some step. Both the carbonyl 
compound and the Grignard reagent must be prepared from alcohols. 


HgCH2OH CHaCHoBr нет” CH3CH»MgBr 
OH 
1. 1. CHgCHaMgBr _ CH CH; 
2њ0 —— —— H30* 


©нз 
PBr3 M | 
pu аан —3À Ene E wet CH3CH2CH2CHCHsMgBr 
er 


Periodinune 
— — ead 


CH5Clo m 


CH40H 


CHa СНз 


1.ether | 
CHa4CH5CH5CHCH2MgBr * HC =O зно CHa4CH5CH5CHCH5CH50H 
ovg 


Br MgBr 
Bro Mg 
——_ — 
ЕеВгз е{һег 


| CrO |] 
CH3CH5CHoCHCHs З CH3CH>CH2CCH3 
H30 HQ CH3 
MgBr о C. 
ether i 
+ снснсньсон LoS CH2CH2CH3 
(9) 5 Periodinane үн | 
CH3CHCH CHOH — ————» CH4CHCH3CH 
снб 
CH, О CH; OH 
| |] 1 ether | | 
CH4CHCH5,CH + CH4CH5MgBr zuo CH3CHCHCHCH2CH3 
fram (a) US 
Reactions of Alcohols 
17.46 
PB 
(à) CHCH CHCH CHOH — — 3» ^ CH3CHSCHSCHSCH;Br 
SOCI 
(D снусньсньсносньон 2—2. CHa HGH CH CHSC 
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Benzoic acid 


СО 
(©) cH; CH; CH4CHSCH;OH pu CH4CH2CH2CH5COSH 
3 
(D  cu4cH,cH;cH;cH;oH Periodinane Сн. oL cu eh cuo 
CHCl, 
17.47 
(a) CH2CH2OH CH= СН? 
_РОСВ _ 
pyridine 
2-Phenylethanol Styrene 
(b) CH5CH50H сносно 
Рег Periodinane 
онус» 
Phenylacetaldchyde 
CrO4 
— MM JH 
H30* 
Phenylacetic acid 
(d) CH35CH5OH KMnO4 COH 
————b- 
H20 
EL m 
Pd 
from (a) Ethylbenzene 
CH — CH» CHO 
0 1. O4 
—мн ә ө 
2. Zn. H30* 
trom (a) Benzaldehyde 
(е) 
сн= =ч онен, 
1. Ho(OAclo H2O _ 
2. мавн м NaBHy E 
from (a) і-Рћепујеталоі 
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(h) CH5CH50H „„СНеСНоВг 
CY РВ 
ЩО 
l -Bromo-2- phenylethane 
17.48 
OH О 
i ber 
——n JA 
H-Phenyiethano! Acetophenone 
(b) on 
CHCH3 COH зү. CH2OH 
KMnO4 А-НАН 
=“ | 
BH ш 
Benzyl alcohol 
(c) Сон Вг COsH 
Bro 
— jin 
. FeBra 
from (bi nm-Bromobenzoie acid 
ie H H 
(9) | EP un 
CCH, a 
di | 1. CH3MgBr CH 
———— 
L 2. H30* 
Prom (а) 2-Phenyl-2-propanol 
17.49 2 
(а) Ж, CrO; [= 
Я Я Ex 
H HOt 
(b) OH РОС : N 
H pyridine и 
(с) 


Y 


t. CHaMgBr OH 
em —— 
2. НзО" D Ch; 


from (ay 
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OH 1. ВНУ THF _ 
H30 a 
CHa O OH 


from (c) 


Remember that hydroboration proceeds with syn stereochemistry, and the —Н and — 


OH added have a cis relationship. 


17.50 
(a) HBr 
—— 

OH 

(b) CH3 NaH 
; Ho 
— OH О Na* 
(с) CH H4SO 
3 anM сн; 
OH 


no reaction 
OH 


(d) > CH3  NapCr2O7 


ta, 


Tertiary alcohols aren't oxidized by sodium dichromate. 


Spectroscopy 


2325 — њо) ањон -— 243 


М rtm 


м 


TAOS 7.1378. 4.50% 
p-Methylbenzy! alcohol 


17.51 


17.52 (a) (b) 
н b а= [425 
s са c= 4805 
С = M36 
T d id ds 7.328 
CH3CH»CHCH,CH, P= 1429 i MM 
a b db a c= 1830 d 
3-Pentanol d= 3410 I-Phenylethano! 
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17.53 1.  CsHisO? has но double bonds or rings, based on degree of unsaturation. 
2. The IR band at 3350 cm ! shows the presence of a hydroxyl group. 

3.  Thecompound is symmetrical (simple NMR). 
4 


There is no splitting. 
CH; ©з — 1.245 
HOGCH;CHSCOH —— 1.95 ò 
CHa N CH; 
1.56 à 


2.5-Dimethyl-2 5-hexanediol 


17.54 
е а 
H £5 
£ = c 3-MethyvI-3-buten-3-0] 
H CH CH2O0H 
f с Ба 


The peak absorbing at 1.76 6 (3 Н) is due to the d protons. This peak, which occurs in the 
allylic region of the spectrum, is unsplit. 


The peak absorbing at 2.13 6 (1 Н) is due to the -OH proton a. 


The peak absorbing at 2.30 5 (2 Н) is due to protons c. The peak is a triplet because of 
splitting by the adjacent b protons. 


The peak absorbing at 3.72 8 (2 H) is due to the b protons. The adjacent oxygen causes 
the peak to be downfield, and the adjacent -CH2- group splits the peak into a triplet. 


The peaks at 4.79 6 and 4.85 д (2 Н) are due to protons e and f. 


17.55 (a) CsH1:0, СНО, СзН4Оз 
(b) The 'H NMR data show that the compound has twelve protons. 
(c) The IR absorption at 3600 cm ! shows that the compound is an alcohol. 
(d) The compound contains five carbons, two of which arc identical. 


(e) CsH120 is the molecular formula of the compound. 


(В, (8) 
me a= 0.98 
| b= 1.0 
А. c= 12% 2-Methyl-2-butanol 
C d a "c 
C 
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17.56 
c 
OH 
a= 14а 
(CHa)aC C(CH 
833 Ha uu cad 
бе 3t ) 
d d АА 
dz 69758 
СНа 
b 


General Problems 


17.57 In these compounds you want to reduce some, but not all, of the functional groups 
present. To do this, choose the correct reducing agent. 


(a) 
x. COH COH 
Ho 
Pd/C 


H: with a palladium catalyst hydrogenates carbon-carbon double bonds without 
affecting carbonyl double bonds. 


(b) 
x. COH A Wu. ^ CH20H 
1. НАНА 
ETE IN | 
2. H30 > 
LiAlHa reduces carbonyl groups without affecting carbon-carbon double bonds. 
(с) 
хы. CH OH CHB 
а 20 РВгз 27 x 2 і 
| = | 
Nu. 2^ X. 


drom h} | NaSH 


95 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, ov posted to a publicly accessible website, sn whole or n рап. 


Alcohols апа Phenols 


17.58 
О О 
d heat 
* 
Xu 
о О 
О 
< 
27 heat 
+ 4 m 
A 22 
о о 


17.59 Remember that electron-withdrawing groups stabilize phenoxide anions and incrcase 
acidity. Electron-donating groups decrease phenol acidity. 


529 


Least acidic Most acidic 
OH OH OH OH 
7 
< < < | 
I. EN 
CH30 F МЕС 

electron- clectron- electron- 

donating withdrawing withdrawing 

group by inductive by resonance 

effect 
17.60 
| Gir p" :Base| ü 
к | 
fA | А, | ! 
сна | C. Cx, 
Меге — 7? —— + 
M / | " —* М; A H 2 - 
+N7C T , + ¢ ! ae 
A D | -Nan H 
api | Ho oJ о, т 
^ H 


Step1: 5м2 substitution. 
Step 2: Е2 climination. 
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17.61 
нас H нас H 
С Сна 1.CH3MgBr ибо „СНз (-23-Dimethyl- 
CHCH” S те” 2. H40* СНзСНг S KA 2-pentanol 
О HC OH 
Despite this рго епт’ $ resemblance to Problem 17.24, the stereochemical outcome is 
different. Addition of methylmagnesium bromide to the carbonyl group doesn't produce a 
new chirality center and doesn't affect the chirality center already present. The product is 
pure (S)-2,3-dimethyl-2-pentanol, which is optically active. 
17.62 


Step 1: Protonation. 
Step 2: 1055 of H20. 


Step 3: — Alkyi shift. 
Step 4: Loss of H'. 


This ts a carbocation rearrangement involving the shift of an alkyl group. The sequence 
of steps is the same as those seen in Problems 17.27 and 17.28. 
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17.63 


(a) 


1. Ho. Pd 

2. НАНА 

3. H30° 
OH 


CrO4, НО“ 


Testosterone 

(c) 
1. НАНА 1. Ho, Pd 
2.H340* 2. CrOs, 
H30* 
HO 


All of these transformations require the proper sequence of oxidations and reductions. In 
(d), NaBHs can also be used for reduction. 


17.64 А phenoxide anion is stabilized by the electron-withdrawing resonance effect of a p-nitro 
group. Methyl groups ortho to the phenol have no effect on acidity, but the methyl groups 
that flank the nitro group of the 3,5-isomer force the nitro group out of planarity with the 
ring and reduce orbital overlap with the z orbitals of the ring. The resonance stabilization 
of the nitro group is reduced, and the pXa of the phenol becomes higher, indicating lower 
acidity. 


17.65 


A 1. Оз ; 
ee 
, 2. Zn, H40* 9 


B major 
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17.66 


17.67 


17.68 


Chapter 17 


(a) Compound A has one double bond or ring. 


(b) The infrared absorption at 3400 стэ ' indicates the presence of an alcohol. The 
weak absorption at 1640 cm’! is due to a C=C stretch. 


(c) (1) Theabsorptions at 1.63 à and 1.70 à are due to unsplit methyl protons. 
Because the absorptions are shifted slightly downfield, the protons are 
adjacent to an unsaturated center. 


(2) The broad singlet at 3.83 6 is due to an alcohol proton. 


(3) The doublet at 4.15 à is due to two protons bonded to a carbon bearing an 
electronegative atom (oxygen, in this case). 


(4) The proton absorbing at 5.70 à is a vinylic proton. 
(d) 
нс СН2ОН 
С=С 3-Methyl-2-buten- -ol 


POCIS H o OH РОС! H | 
De — 
a, pyridine у pyridine У 7 
HaC е TONES 
3 (syn elimination) нас H (anti elimination) нас 


|-Methylcyclopentene trans-2-Methylevclopentanol 3-Methylcyelopentenc 


The more stable dehydration product is 1-methylcyclopentene, which can be formed only 
via syn elimination. The major product of anti elimination is 3-methylcyclopentene. 
Since this product predominates, the requirement of anti periplanar geometry must be 
more important than formation of the more stable product. 


The pinacol rearrangement follows a sequence of steps similar to other rearrangements 
we have studied in this chapter. The second hydroxyl group assists in the alkyl shift. 
Жа 
77 н- ОН» + H20 
‚4 + EN 
HO OH ix HO  (:0Hs HO: CH, | 
\ / A РА | 
E as == E C -—— m —C-—C 
His с | ОНС" CHa “у НС | 
НАС CH3 | H3C CH3 ^ HC ^— Ch | 
Pinacol | E 
| HaO:^ 74 А 
H—O: 
| o h | Oi бн; 
—Q. — —С-— 
HO * C—O, = | C Ссн 
нс CH3 к HaC CH3 


Pinacolone 
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Step 1: Protonation. 
Step2: Loss of H20. 
Step 3: Alkyl shift. 
Step 4: Loss ОЁН". 


17.69 The hydroxyl group is axial in the cis isomer, which is expected to oxidize faster than the 
trans isomer, (Remember that the bulky tert-butyl group is always equatorial in the more 
stable isomer.) 


OH 
——— 
(CH3)3C H30* О 
cis-A-tert-Butvleyclohexanol faster M 7 
(CH3)3C 
CHa) 
(CHala m 


trans-+-tert-Butylcyclohexanol slower 


1. НАНА 
О — m 
2.H30* 
H2504 1.Cyclohexanone 
UD S Mm MgBr 
2. H,0* 


Bicyclohexylidene 


\ 


17.70 


17.71 Ап alcohol adds to an aldehyde by a mechanism that we will study їп а later chapter. The 
hydroxyl group of the addition intermediate undergoes oxidation (as shown in Section 
17.7), and an ester is formed. 
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0 ^ 
QU OH OH 
HCCH; =" „Con ui Gs. 
n сносно” «^H < СНз 
онзснгОн 
H ОЗС! 
^o ^ Do | | о 
EE Ha» | gr hee n d 
Уно, “~~ НЯ вазе уу. р 
CH3CH20 CH, : CH3CH20 Glass "| elimination CH3CH50 P 
or enantiomer j йш 
17.72 
о OH Br 
CY a b с 
—— ——= ср се “ж: 
OH 
CHOH CHO 
d e 
— — Hr 
Ху, 
Ї 
(a) NaBHa, then H30* (b) PBr (c) Mg, ether, then СН2О 
(d) Dess—Martin periodinane, CH2Cp (e) CeHsCH2MgBr, then НзО* 
(f) POCl;, pyridine 
17.73 


DP UDP 


MET U 
UDP-Galactose UDP-Glucase 
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Step 1: Base deprotonates the C4 hydroxyl group while МАР” oxidizes the alcohol to 
a ketone. 
Step 2: — When the ketone is reduced by the NADH formed in Step 1, the configuration 
at the starred carbon is inverted, and UDP-glucose is formed. 
17.74 (a) (b) 
OH с a= ORK» 2.60 à 
| 2 
d b a Ge 1478 4.53 à 
N CH4O 
d= 44548 b 6.85 а 
мии ez 72453 7.238 
e 
| -Phenyl- | -propanol p-Methoxybenzyl alcohol 


17.75 Structural formula: CsHi0O contains 4 multiple bonds and/or rings. 


Infrared: The broad band at 3500 cm’! indicates a hydroxyl group. The absorptions at 
1500 cm ! and 1600 cm”! are due to an aromatic ring. The absorption at 830 cm ! shows 


that the ring is p-disubstituted. Compound A is probably a phenol. 


'H NMR: The triplet at 1.16 6 (3 H) is coupled with the quartet at 2.55 6 (2 H). These two 


absorptions are due to an ethyl group. 


The peaks at 6.74 6-7.02 6 (4 Н) are due to aromatic ring protons. The symmetrical 
splitting pattern of these peaks indicate that the aromatic ring is p-disubstituted. 


The singlet absorption at 5.50 ô (1 Н) is due to an -ОН proton. 


17.76 


Step 1: 
Step 2: 


Compound A 


e-( ме 


p-Ethy phenol 


к, HOH, + Н2О 
О: CN ^ HO CN 
=: СМ | c : ki 
ENS С a ee е 


The nucleophile “CN adds to the positively polarized carbonyl carbon. 


The tetrahedral intermediate is protonated to give the addition product. 
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17.77 Hu 
Q7 коњу Оон» 


——- + [Г 


The reaction is an Sn? displacement of iodide by phenoxide ion. 
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Chapter Outline 


І. Acyclic ethers (Sections 18.1—18.4). 
A. Naming ethers (Section 18.1). 
1. Ethers with no other functional groups are named by citing the two organic 
substituents and adding the word "ether". 
2. When other functional groups are present, the ether is an alkoxy substituent. 
B. Properties of ethers. 
1. Ethers have the same geometry as water and alcohols. 
2. Ethers have a small dipole moment that causes a slight boiling point elevation. 
3. Ethers can react slowly with oxygen to give explosive peroxides. 
C. Synthesis of ethers (Section 18.2). 
1. Symmetrical ethers can be synthesized by acid-catalyzed dehydration of alcohols. 
і. This method is used only with primary alcohols. 
2. Williamson ether synthesis. 
a. Metal alkoxides react with primary alkyl halides and tosylates to form ethers. 
b. The alkoxides are prepared by reacting an alcohol with a strong base, such as 
NaH. 
1. Reaction of the free alcohol with the halide can also be achieved with Ag20. 
с. The reaction occurs via an Sn? mechanism. 

i. The halide component must be primary. 

ii. In cases where one ether component is hindered, the ether should be 
synthesized from the alkoxide of the more hindered reagent and the halide of 
the less hindered reagent, 

3. Alkoxymercuration of alkenes. 
a. Ethers can be formed from the reaction of alcohols with alkenes. 
b. The reaction is carried out in the presence of mercuric trifluoroacetate. 
с. The mechanism is similar to that for hydration of alkenes. 

i. NaBHa is used for demercuration of the intermediate. 

d. Many different types of ethers can be prepared by this method. 
D. Reactions of ethers (Sections 18.3-18.4). 
1. Ethers are relatively unreactive and often used as solvents. 
2. Acidic cleavage (Section 18.3). 
a. Strong acids can be used to cleave ethers. 
b. Cleavage can occur by Sy? or Sw! routes. 
i Primary and secondary alcohols react by an Sw? mechanism, in which the 
halide attacks the ether at the less hindered site. 
(a) This route selectively produces one halide and one alcohol. 
п. Tertiary, benzylic, and allylic ethers react by either an SnI or an El route. 
3. Claisen rearrangement (Section 18.4). 
a. The Claisen rearrangement is specific to allyl aryl ethers or aryl vinyl ethers. 
b. The result of Claisen rearrangement is an o-allyl phenol. 
c. The reaction takes place in a single step by a pericyclic mechanism. 
i. Inversion of the allyl group is evidence for this mechanism. 
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II. Cyclic ethers (Sections 18.5-18.7). 
A. Epoxides (oxiranes) (Sections 18.5-18.6). 


1. 


2. 
3; 


The three-membered ring of epoxides gives them unique chemical reactivity (Section 
18.5). 
The nonsystematic name —ene oxide describes the method of formation. 
The systematic prefix epoxy- describes the location of the epoxide ring. 
Preparation of epoxides. 
a. Epoxides can be prepared by reaction of an alkene with a peroxyacid RCO:H. 
і. The reaction occurs in one step with syn stereochemistry. 
b. Epoxides are formed when halohydrins are treated with base. 
i. This reaction is an intramolecular Williamson ether synthesis. 
Ring-opening reactions of epoxides (Section 18.6). 
а. Acid-catalyzed ring opening. 
1. Acid- catalyzed ring opening produces 1,2 diols. 
ii Ring opening takes place by back-side attack of a nucleophile on the 
protonated epoxide ring. 
(a) A trans-1,2-diol is formed from an epoxycycloalkane. 
(b) If HX is used, the product is a trans halohydrin. 
ili. When both epoxide carbons are primary or secondary, attack occurs primarily 
at the less hindered site. 
iv. When one epoxide carbon is tertiary, attack occurs at the more highly 
substituted site. 
v. The mechanism is midway between Sn? and Sw! routes. 
(a) The reaction occurs by back-side attack ($2), but positive charge is 
stabilized by a tertiary carbocation-like transition state (55). 
b. Base-catalyzed ring-opening. 
i. Base-catalyzed ring opening occurs because of the reactivity of the strained 
epoxide ring. 
ji. Ring-opening takes place by an Sn’ mechanism, in which the nucleophile 
attacks the less hindered epoxide carbon. 
iii. Other nucleophiles can bring about ring opening. 
(a) Epoxides react with Grignard reagents to form a product with two more 
carbons than the starting alkyl halide. 
(b) Epoxide rings also react with amines in a ring-opening reaction. 


B. Crown ethers (Section 18.7). 


E 
2: 
3. 


Crown ethers are large cyclic ethers. 

Crown ethers are named as x-crown-y, where x = the ring size and y = # of oxygens. 
Crown ethers are able to solvate metal cations. 

Different sized crown ethers solvate different cations, 

Complexes of crown ethers with ionic salts are soluble in organic solvents. 

This solubility allows many reactions to be carried out under aprotic conditions. 
The reactivity of many anions in Sn? reactions is enhanced by crown ethers. 


со жр 
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III. Thiols and sulfides (Section 18.8). 
A. Naming thiols and sulfides. 
1. Thiols (sulfur analogs of alcohols) are named by the same system as alcohols, with 
the suffix -thio/ replacing -o/. 
a. The -SH group is a mercapto- group. 
2, Sulfides (sulfur analogs of ethers) are named by the same system as ethers, with 
sulfide replacing ether. 
a. The-SR group is an alkylthio- group. 
B. Thiols. 
1. Thiols stink! 
2. Thiols may be prepared by Sn’ displacement with a sulfur nucleophile. 
a. The reaction may proceed to form sulfides. 
b. Better yields occur when thiourea is used. 
3. Thiols can be oxidized by Br» or b to yield disulfides, RSSR. 
a. The reaction can be reversed by treatment with zinc and acid. 
b. The thiol-disulfide interconversion is an important biochemical interconversion. 
C. Sulfides. 
1. Treatment of a thiol with base yields a thiolate anion, which can react with an alkyl 
halide to form a sulfide. 
2. Thiolate anions are excellent nucleophiles. 
3. Dialkyl sulfides can react with alkyl halides to form trialkylsulfonium salts, which are 
also good alkylating agents. 
a. Many biochemical reactions use trialkylsulfonium groups as alkylating agents. 
4. Sulfides are easily oxidized to sulfoxides (R250) and sulfones (R2SO2). 
a. Dimethyl sulfoxide is used as a polar aprotic solvent. 
IV. Spectroscopy of ethers (Section 18.9). 
A. IR spectroscopy. 
1. Ethers are difficult to identify by IR spectroscopy because many other absorptions 
occur at 1050-1150 cm ', where ethers absorb. 
B. NMR spectroscopy. 
1. 'H NMR spectroscopy. 
a. Hydrogens on a carbon next to an ether oxygen absorb downfield (3.4—4.5 8). 
b. Hydrogens on a carbon next to an epoxide oxygen absorb at a slightly higher field 
(2.5-3.5 8). 
2. "C NMR spectroscopy. 
a. Ether carbons absorb downfield (50-80 8). 
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Solutions to Problems 


18.1 Ethers can be named either as alkoxy-substituted compounds or by citing the two groups 
bonded to oxygen, followed by the word “ether”. 


@ {зз (b) (e) е. 
CH3CHOCHCH3 OCH5CH5CHs 


Br 


Propox ycvclopentane "m 
posycsetol p-Bromoanisole 


Diisopropyl ether 
аеру prop! OE p-Bromomethox ybenzene 
(d) OCH, (е) (Hs (f H5C = CHCH2O0CH = СН. 
CH4CHCH5O0CH4CH4 
Ally] vinyl ether 


1-Methoxycyclohexene Fihyl isobutyl ether 


18.2 The first step of the dehydration mechanism is protonation of an alcohol. Water is then 
displaced by another molecule of alcohol to form an ether. If two different alcohols are 
present, either one can be protonated and either one can displace water, yielding a 
mixture of products. 


If this procedure were used with ethanol and 1-propanol, the products would be diethyl 
ether, ethyl propyl ether, and dipropyl ether. If there were equimolar amounts of the 
alcohols, and if they were of equal reactivity, the product ratio would be diethyl ether: 
ethyl propyl ether: dipropyl ether — 1:2:1. 


18.3 Remember that the halide in the Williamson ether synthesis should be primary or methyl, 
in order to avoid competing climination reactions. The alkoxide anions shown are formed 
by treating the corresponding alcohols with NaH. 


(à) CH4CH9CH;0 +  CHsBr 


or = CHa4CHoCH5O0CH4 + Br 
CH4CHoCHoBr + СНз0 
E EC urs Methyl propyl ether 


"Qe (emen 
OT + CHsBr — LS. OCH, + Br 


Methyl phenyi ether 
( Antsole) 


сн; 


CH4CHO + CHoBr -———— СНУСНОСН»> + Br 


Benzyl isopropyl ether 
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CH CH 
(d) | 3 | 3 


єн шо + CH 3CH Br —_> НЕОН а + Br 
CH3 СНз 
Ethy! 22-dimethylpropy! ether 


s H^" ~:Base 
Г НОСНоСН; > 
H А O7 
; но, СН>СН. 
t 
N CHa | sa СОН 
EE Bde ~ 2 Ha CH, 
„Нах : | | 
CF3C00° `/7ОСОСЕз | ОСОСЕЗ OCOCF4 
м i 


H_-——_OCH2CH3 NaBH; H ———_:ОСНн;ОН» 


f 


H СНз n: СНз 


| -Ethox y- 1 -methyleyclopentane ОСОСЕ; 


The reaction mechanism of alkoxymercuration/demercuration of an alkene is similar to 
other electrophilic additions we have studied. First, the cyclopentene z electrons attack 
Hg^' with formation of a mercurinium ion. Next, the nucleophilic alcohol displaces 
mercury. Markovnikov addition occurs because the carbon bearing the methyl group is 
better able to stabilize the partial positive charge arising from cleavage of the carbon- 
mercury bond. The ethoxyl and mercuric groups are trans to each other. Finally, removal 
of mercury by NaBHa by a mechanism that is not fully understood results in the 
formation of I-ethoxy-1-methyleyclopentane. 


Use the Williamson synthesis when one of the ether components can be a primary or 
benzylic halide. Use alkoxymercuration when one or both components are branched. 
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(a) Either method of synthesis is appropriate. 


Williamson: 
О Na* OCH5CH;CH5CHs 


OH 
A NaH BrCH;CH3CH2CH3 EU 
* Hy 


Buty! cyclohexyl ether 


Alkoxymercuration: 


1. (CF4CO5)5Hg. HOCH3CHaCH»5CHa 
2. NaBH, 


(b) Either method is possible, but thc Williamson synthesis is simpler. 


OCH5CH^CH5CHs 


СНОН СН2О Na* CH20CHyCH 
NaH dd CH3CHgBr 
nues и + NaBr 
EN 
* Ho 


Benzyl ethyl ether 


(c) Use alkoxymercuration because both parts of the ether are branched. 


OH 
CH3 Í (Нэ 
1. (СЕзСО5)2На. СНЭСНСН>СН 
CH3C=CH, zt 900220. es (CH3),COCHCH3CH3 


2. NaBH 
: sec-Butyl rert-butyl ether 


(d) The Williamson synthesis must be used. 


Нс — CH; HC — CH» НС — Сн, 
: \ Ман d \ / \ 
"| pre EP icr pha ~ HC. CH» + NaBr 
Br HO Br 70 Nat 
"Tetrahydrofuran 
+ Ha j 


€: 24H 6 Cengage Leammg. All Rights Reserved. May not be scanned. copied or duplicated, or posted io a publicly accessible websile, m whole or m part 


Ethers and Epoxides; Thiols and Sulfides 543 


18.6 The compounds most reactive in the Williamson ether synthesis are also most reactive in 
any Sn2 reaction (review Chapter 11 if necessary). 
Most reactive — ——— —————————2 Least reactive 


(a) Br 
| Вг 


primary secondary aryl halide 
halide halide {not reactive) 
(б) СН.СН>в > CH3CH3CI >> CH4CH — CHI 
gU rio avro 3 
better poorer vinylic 


leaving group leaving group (not reactive) 


18.7 (a) First, notice the substitution pattern of the ether. Bonded to the ether oxygen are а 
primary alkyl group and a tertiary alkyl group. When one group is tertiary, cleavage 
occurs by an Snl or El route to give either an alkene or a tertiary halide and а 
primary alcohol. 


CH 
P 3 
9 HBr Br 
+ + сн.он 
i 


tertiary теу 


(b) Inthis problem, the groups are primary and secondary alkyl groups. Вг attacks at 
the less hindered primary group, and oxygen remains with the secondary group, to 
give a secondary alcohol. 

i р 
HB 


\ 


secondary — primary 


18.8 
H3C CH3 Нас CH3 о Ж ш аа. 
\_/ =” \ 4 = == j 
С. bs (8 ч 
H—Xx Є 
x = m А H E, + 
HX + HX 


HO 
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18.9 


18.10 


18.11 


Chapter 18 


The first step of acid-catalyzed ether cleavage is protonation of the ether oxygen to give 
an intermediate oxonium ion, which collapses to form an alcohol and a tertiary 
carbocation. The carbocation then loses a proton to form an alkene, 2-methylpropene. 
This is an example of ЕТ elimination. The acid used for cleavage is often trifluoroacetic 
acid. 


HX first protonates the oxygen atom, and halide then brings about a nucleophilic 
displacement to form an alcohol and an orgauic halide. The better the nucleophile, the 
more effective the displacement. Since І and Br arc better nucleophiles than СГ’, ether 
cleavage proceeds more smoothly with HI or HBr than with HCl. 


Draw the ether with the groups involved in the rearrangement positioned as they will 
appear in the product. Six bonds will either be broken or formed in the product; they are 
shown as dashed lines in the transition state. Redraw the bonds to arrive at the 
intermediate enone, which rearranges to the more stable phenol. 


H H Г H H H H 
УИ Nf хи 
C Ca C 
67 S OH “он 
Ils cmn H I oe | 
ы. CHCH, CHCH; | CHCH, 
2-Buteny] transition stare intermediate o-(1-Methyl- 
phenyl ether alls D phenol 


Epoxidation by use of m-chloroperoxybenzoic acid (RCO3H) is а syn addition of oxygen 
to а double bond. The original bond stereochemistry is retained, and the product is a 
meso compound. 


H „H RCO3H zx 
с=с 3 "cce. 
HaC” "cH е VH 
б : H3C CH3 
cis-2-Butene cty-2.3-Epoxybulane 


In the epoxide product, as in the alkene starting material, the methyl groups are cis. 
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“c=c? ere ROOM Rei oR + Sc. ‘$ 
н.с” `N Н" v^CH4 НС vH 
3 НС H H CH3 
trans-2-Butene trans-2 3-Epoxy butane 


Reaction of trans-2-butenc with m-chloroperoxybenzoic acid yields frans-2,3- 
epoxybutane. A mixture of enantiomers is formed because the peroxyacid can attack 
either the top or bottom of the double bond. 


As discussed in this section, acid-catalyzed epoxide ring opening occurs primarily at the 
more hindered carbon if one of the epoxide carbons is tertiary. In both parts of this 
problem, one epoxide carbon is tertiary. 


OH 
(a) Р 
Cl 
CH, HC! 
nm ether Нас CH3 


tertiary major 


(b) О Ci 
HCI CH5OH 
——— 
x ether 


tertiary major 


Notice the relationship of the hydroxyl groups in the two diols. In diol (a), the two 
hydroxyls are cis, and in (b) they are trans. Since ring-opening of epoxides forms frans- 
1,2-diols, only diol (b) can be formed by this route. The cis-1,2-diol in (a), results from 
treatment of 1-methylcyclohexene with О504. The enantiomers of the diols are also 
formed. 


CHa 7 „СНз 
| 1. 0504. pyridine OH 
| (à) 2 манѕоз H20 SH 
H 
| RCO3H 
Сн» Он 
- н.о* СНз 
d OH 
H H 
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18.14 


18.15 


18.16 


Chapter 18 


(a) Attack of the basic nucleophile occurs at the less substituted epoxide carbon. 


О 1 е О B OH 
£N „ССН мон | | CHCH} | H2 i8 | 
нс a | НС er 7 27 3 1 -——»= H OCH CCH DCH, 
CH. н О а, СОН | | 
3 т СОН 3 _ CH3 


(b) Under acidic conditions, ring-opening occurs at the more substituted epoxide 
carbon when one of the carbons is tertiary. 


вон 
P, „сн2бнз но" 
НС —C А № Facto Macs 


(c) Addition of a Grignard reagent takes place at the less substituted epoxide carbon. 


GH. OH 
HC LN СНС 1. CgH5MgBr | $ | 
B NEN Ў 2 но" CH 062608 
а T 
p^9& M uu ^ UN 
( М Ё О. „O 
-7 is E. ud 
`g" ry ( T D 
E: мо" О. 
Ж - NV f 
[3-Crown-5 2-Crown-4 


Bases on ionic radii, the ion-to-oxygen distance in 15-crown-5 is about 40% longer than 
the ion-to-oxygen distance in 12-crown-4. 


Thiols are named by the same rules as alcohols, with the suffix -ol repiaced by the suffix 
- thiol. Sulfides are named by the same rules as ethers, with "sulfide" replacing "ether". 


(a) з у © зн 9 © 25 
CH4CH5CHSH CHa3CCHGCHCH2CHCH = 


CH3 
2-Butanethiol 2.2 6-Trimethy!- 
4-heptanethiol 


2-Cvclopentene- [-triol 
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(d) na (e) Sens. 200) 
CH4CHSCH5CH; 
SCH3 
Ethyl isopropyl sulfide o-(tDtmethyIthio)benzene 


SCHaCH3 
3-(Ethylthio cyclohexanone 


18.17 Thiourea is uscd to prepare thiols from alkyl halides. 


О 
| 1. НАНА РВгз 
CHgCH=CHCOCHs === CHQCH—CHCH,OH — = Снзбн=СнСн;ёг 
US 
Methyl 2-butenoate t. (Н2№)2С=5 
2."0H, HO 
HBr 1. (Н2№2С=$ 
HoC—CHCH =СН ———» CH4CH =CHCH>Br — CH3CH — CHCH5SH 
2."OH, Н2О 
| 3- Buradicnc 2-Burene- 1 -thioi 
18.18 
in az 10% 
CHO сън 155 
ы Не esayo 
| .2-Fpoxybutane de = 254, 2.75 


Visualizing Chemistry 


18.19 
(a) Lod OCHCH3 (b) FA 
нс”? O08 


HC ve М 


CHis-  -Ethoxy-3-amethyleyclohexane 


(c) 
E 


{5)- I-Cyclopentylethanethiol 


E-2-(o- Bromophenyl)-2 3-cpoxybutane 


18.20 Ring-opening occurs at the tertiary carbon to give carbocation-like stability to the 
transition state. Bromine approaches 180? from the C-OH bond, as it would in an 52 
reaction. 
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ot 
INR | Pe + К" Cols 
* 6 f 
Bc C.. E M | ——» ..C—C СНз 
Н? 2 м Cots Ни А CoH, Ни si 
Нас CHa HaC | СНз H4C Br 
г! | 


18.21 The Grignard reagent attacks the epoxide at the less hindered carbon т an Sn2 reaction. 
The oxygen remains bonded to the tertiary carbon. 


secondary 
x 
в 
1. CH3MgBr, ether 
2. H40* 


5 
^ CH 


tertiary 


18.22 A molecular model shows that approach to the upper face of the double bond is hindered 
by a methyl group. Reaction with RCO3H occurs at the lower face of the double bond to 
produce epoxide A. 


Jine red 
 RCOsSH. 


In the reaction of Br? and H20, the intermediate bromonium ion also forms at the lower 
face. Reaction with water yields a bromohydrin which, when treated with base, forms 
epoxide B. 


НзС 
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НЗС. „СНз | Наб. „СН 
гон, 
OH 
Bro H ГА 
i : : и, H 
H20 : H 


| and other 
- gr bromohydrin 
| ман  chantiomer 


Mechanism Problems 


18.23 Note: Each mechanism involves protonation followed by an Sui displacement of an 


alcohol. 
(a) 
__HBr X. dip dd: + CHBr 
OCH, OH 
Mechanism: 
EM я мы . me 
OCH (x. On Ner | "e з 
HBr + CH. Вт a2 
(b) 
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(с) 
OMS HBr Он, CH,CH;Br 
—— > 
Mechanism: С, H 
f HBr П> aio Ве: OH 
енснь NOS LA CMT * CHaCH28r 


(d) 
iE d. н md 
— CH3CH2CHal + 


Mechanism: 


"e Е н .. 


Е a .. \ HO 
70; =; Q — CHCH:CH) + 
Ран 2 

CH3CHzCHZ СнзСнгСне 


18.24 Мое: Each mechanism is Snl, involving protonation of the ether oxygen followed by 
formation of a tertiary carbocation before addition of the halide. 


(a) 
pa = X, Ч in 


Mechanism: 
Ba ZUM ==” or s PEL To EE Hom 9 == 25 PA 
HS usu | ge 13 ‘Br 
(b) 
OC(CH3)5 OH 
O 221 T + — BIC(CH)S 
Mechanism: "T 
mud s 4S Br: гш CH 
ce =e 9 —-— Ne a M. 
(X X $ " 
2 
(с) 
E X. = Л ‘i X. 
О OH 1 
Mechanism: 
X uS | гү x = 7 
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(d) 

CH3CH20 | 
H CH3CH;OH + 
Mechanism: TE 
Lane oy AE A. re 
CH3CH>—O: CHaCH;—O Ае 
CH3CH20H 
— —— ee ——— M 

18.25 (a) 


OH 
t. NaOH о 
2. CH3CHgI 


Mechanism: 
oD ON 20. 
X ——- ү снн, У; — CH2CH3 
зон 
(Ъ) 
АЙ 1. Ман 
HO 2. CH3CH2CHoBr DS S 
Mechanism: 
HN HC) А C. нн ону... аа 
rub CH3CH2CH2 Br 7 
(c) 
HO 1. NaH 5 
2. СНзОТ$ / 
Mechanism: 
ME С — Я 
ни SH TEQUE H3C 


f: 2016 Cengage Leaming. А!) Rights Reserved. May not be scanned, copied or duplicated, or posted to a publigly accessible website, in whole or in part. 


552 Chapter 18 


(d) 
OH 1. NaH 
мдм 
2. СНзВг 
Mechanism: _ po 
E Ч KH TE (Ses, К ›—Ссн 
“OH 30: CH3-—Br y 3 
—s sa ——ъь 
18.26 (а) 
НЧ(СН:СО:): мМаВНа 
—» 
CH4OH * Sa 
(AcO)Hg CHa 
СН н осн; OH 
Mechanism: + enantiomer 
HOCH; 
ees M. - (AcO)Hg ears ей. He 
CH x (AcQ)Hg' “CH3 CH 
е а | H осн f з 
+ епапйотег Е i «ОН 
К; ОАс bac + enantiomer ic 
+ enantiomer 
(b) 
DCHICHa)2 рсн(снз)г 
моа, Ha(CH2COz}2 ~ Х нюю NaBH, A, 
2 (CH3)zCHOH 
+ enantiomer * enantiomer 
Mechanism: 
АСО) OAc (CH44CHOH 
i Sm ore cts eon С} M ТОНО; мавы бсңсну» 
— AS a? —e ендо, 
tale <! HatOAc) oe 
сн, CH, . Hg(OAc) 
* enantiomer * епапостег + enantiomer + enantiomer 
(с) 
CF ;CO;Hg H ~ 
N Hg(CF:C02)2 сн; Мён, | OCH;CH; 
CH3CH20H OCH2CHs 
Mechanism: 
CF3CO2 CF,;CO.Hg H 
CFs002) Pacers М é CF,CO:Hg H 
wH / NaBH, “з. 
=. CH,CH; E | QCH;CH 
. 2 M 
d eee *OCH;CHs * i 
Hoc нна unm 
+ enantiomer + enantiomer + enantiomer 


18.27 Note: None of these reactions involve acidic conditions and a starting material with 
a tertiary carbon. Therefore, each reaction proceeds with SN2 regiochemistry 
(the nulcleophtle adding to the least hindered carbon) and $м2 stereochemistry 
(the nucleophile adding 180? from the epoxide oxygen.) 
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(a) 


CHa H 
н А сны СНзОМа | OH 
2 . CH30H ae 
3 
Os с CHa CH; 
Mechanism: 
го 
А 
сн; ) Che. 
A CH 
сњо: 


1. CH3MgBr 
— —— 


2. H30° 
Mechanism: 
HaC* H 
——- 
(c) axe 
о“ 
н. С Ке 
О 
H pA HBr CHj © CH3 
H CH;CHs ether сно: 
Mechanism: „Н 
+ se 
C. О :Он 
D АЙЫ. m н. СНз H., .H 
H Ан == a. a я < 
>< сна 7 CH3 H CHCH; 
H CH2CH3 (fe ‘Br 
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Mechanism: N p d 
CH3NH; d у f } 2" 
IBN — 0 Íá A TE In SES | 
à 2 CH3NH dE э. CH3NH' "CH2CH4CH« s - 
н” “CHaCH)CH, WT? CHN \ CH;CH;CH; TONS н: снн" "CH3CH;CHs 
Ba н 202 gt qs 
Mme n 


18.28 These reactions all involve acidic conditions with a starting material containing а 
tertiary epoxide. 


(а) 
H/N „CHCH На CHaCH2 урн 
‘ HO > 
H CH; ether CI 
Mechanism: 


PT ТЕ Ce: "а 


ОН 
О H... ,-CH2CH3 Н... „”СН2СНз 
Н... „.-©Сн2СНз тл : 2 — 
- | H -J CHa H _| УСН 
: 


H CH3 :С 


Mechanism: H HO: 2 
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СН.СНЬ 
Mechanism: 


2 неу E 


CH3CH2 


18.29 Note: The phenolate ion serves as a nucleophile both to displace chloride ion and to open 
the expoide. While the mechanism here shows the displacement of chloride first, it is 
likely that the rate of epoxide opening is competitive. Thus, either epoxide opening or 
chloride opening may be first. ]n either case the final product is the same. 


ОА 00 70 


eplchlorehydrin 


Mechanism: 


TN Ma 


= ge e 


[ y > 
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18.30 | 
Br. 
| 
Bron | 
О: | H 
г | di et н.о LA | о 
М. М. 2 | Ху. +2 HBr 
i = А + B(OH)4 
BBr3 forms Br acts asa nucleo- * CU3BC Winer cleaves 
a Lewis acid phile in an S42 reaction the Lewis acid 
complex with io form CHBr. complex. 
the ether. 
Step 1:  BBr forms a Lewis acid complex with the ether. 
Step 2: Вт acts as а nucleophile in an $м2 reaction to form CH3Br. 
Step 3: — Water cleaves the Lewis acid complex. 
18.31 
D. of ET E 
нон, Н0:7 4 | H30* 
: и t. e NT ie ы “+ ; 
СМ ОН и : Q 
жы GI a | 


YN \ | 
РигС—СНо === | РАС CH; === Ри —СН —> Ph3CH — CH ' === Ph;CHCH 


Step 1: Protonation. 
Step 2: — Epoxide opening. 
Step 3: Hydride shift. 
Step à: — Loss of proton. 


Reaction occurs by this route because of the stability of the intermediate tertiary 
carbocation. 


18.32 (a) This is an Sn2 reaction because the rate depends on the concentrations of both 
reagents. 


(b) This Su2 reaction is a Williamson ether synthesis, in which an alkoxide displaces a 
halogen. In this reaction, KOH is used to form the phenoxide anion. 
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18.33 
a OH а. о СНз 
Hoc © -— | HÇ C: == HE S 
| l CH3 1. | el CH3 2 \ . + CH3 
HO но", HO HQ- | A aO 
чз Y u 2 - 
H— OSO4H 3. | 
д 
НС — CHa 1 нс — CHp 
1 \ „Сн [ \ „Сн 
Mil Сы mem uo BC n 
О CH | 20. СН 
Step 1: Protonation of the tertiary hydroxyl group. 
Step2: Loss of water to form a tertiary carbocation, 
Step3: — Nucleophilic attack on the carbocation by the second hydroxyl group. 
The tertiary hydroxyl group is more likely to be eliminated because the resulting 
carbocation is more stable. 
18.34 
DL n Prem 
Qx Q: 


—— * СНА! 


This reaction is an $к2 displacement and can't occur at an агу! carbon. DMF is a polar 
aprotic solvent that increases the rate of an Sn2 reaction by making anions more 
nucleophilic. 


18.35 The reaction 15 a nucleophilic aromatic substitution. The intermediate Meisenheimer 
complex is stabilized by the -NO2 group. 


NOs 
„СО2СНз 
» 
27 о 
+F 
VM Acifluorfen 


Meisenheimer complex 
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18.36 


18.37 


Chaptec 18 


Step 1: Addition of phenoxide, 
Step 2: Elimination of fluoride. 


(a) 5 осн,Снз OCH2CH3 
CH4CH-OH CH4CH-OH 
= ааны е еа р 
henuacetal aceti 
(b) x VU 
осн,Снз /* OCH;CHs 
OH == |( он, Г Y № + H20 
) E HOCH;CH 
À —H к^ E 


OCH CH, OCH2CH; 


OLGE =—— о 


acetal + НзО* 


Step 1: Protonation. 
Step2: Loss of water. 
Step3: Addition of ethanol. 
Step 4: Loss of proton. 


A Claisen rearrangement is followed by a Diels—Alder reaction (Section 14.4). 


Tautomerization of the Claisen product to a phenol doesn't take place because no 
hydrogen is available for donation to oxygen. 
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IE: 


EN | 
О; >` o 27 


Нас 
Q 
o аы, 
НС 
+ 2 О 
о 
О 
Additional Problems 
Naming Ethers 


18.38 


(a) CH5CH35 (b) Vi \ 
| a о с 
CH4CH5O0CHCH5CH4 


Fihyl L-ethylpropyl ether Di(p-chlorophenyl) ether 


X" ОС 
WM 


CH3O 


Ms ny 'yclopentyloxycyelohexane 
3 4-Dimethoxybenzoic acid Cyclopentyloxycyclohexane 


(e) OH 
p- OCH, 
Vu 
CHCH = CHa 


4-Allyl-2-nwthoxyphenol 
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18 
5 (b) SCH3 
$СНа 
Cyclohexyl isopropyl sulfide [.1-(Dimethylthioy- 
eyclohexane 
(с) Tr : (d) CM 
2-Fposycyclopentane 2-Metliyltetrahydrofuran 
(e) (Ha (f) SH 
снысн-о—«] 
NO5 
Cyelopropyl isopropyl ether 9-Nitrobenzenethiol 
or 
Tsopropox yeyclopropane 
(8) Ts qs (h) qos 
CHyCH2CHCHCHSCHCHg СнзсСнз 
3-(Isopropy Ithio)- 3 4- 2.2-Dimethoxypropane 
dimethylhexane 
(i) осн» 
OCH 
o-Dimnethoxybenzene 
Synthesizing Ethers 
18.40 


р OH O^ Na* 
| Ман _СнзСноВг _ ``Сн;©н» 
— 
EN 
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(b) s 
1. СеН5ОН. Hg(OCOCF3)o CH(CH3)2 
CH4CH = СН. e 
2. NaBHy 


(© erm O RCOSH Pat 
3 


[ЕСОН = meta-Chloroperoxybenzoic acid] 


(d) 1. Hg(OCOCF-J^. (CHa)sC=CH = ECH) 
OH . Hgt 32 f а) 2 e 
2. NaBH, 


(e) H H 
! .4OH і 
RCO3H OCH 1. ман COS 
пк — О ———— —> 
HOCHs 2. Chal 
] H \ н 
OCH, OCH3 
+ enantiomer + enantiomer 
(f) H H 
„ОН 2 а OCH, 
1. BD; t. NaH 
и 2. CH Hal 
2. H205 OH ) D 3 
+ enantiomer + m 
18.41 
(a) о Ма* ОСН; 


CHCH; CHCH; CHCH3 
суз. NaH |. (E. CHBr CY 
+ NaBr 


Methyl i-phenylethyl ether 


(b) OH 


| 
_CHCH, CH=CH, g eih 
24 РОС! ACOH 
> 
SS pyridine 


Styrene Phenyleposyethane 
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(c) rs rü 2 
CHCH CHCH CHCH 
22 3 3 3 
pe | PBr4 d | 1. (HaN)5C-8 
NR ND 2. 'OH, H20 
1 -Phenylethanctnat 
(d) 0н наа 
CHCH3 ы _-CHCH, 
27 = 
ie 
Ху. 2. NaBH, 
tert-Butyl |-phenylethy! ether 
18.42 | | 
НЗ CHs yu | os 
CH4C— CH; === CH3CCHg == снзссн | m снн; 
а i + 
H-A -ĦA Mou Os 
[4 MO ТАСВ | R 
я | n NM ! 
È "-1Base i 


Step 1: Protonation. 
Step 2: Attack of alcohol oxygen on carbocation. 
Step 3: — Loss of proton. 


Notice that this reaction is the reverse of acid-catalyzed cleavage of a tertiary ether 
(Problem 18.8). 


18.43 In the trans isomer, the -OH and —С1 are in the trans orientation that allows epoxide 
formation to occur as described in Section 18.5. Epoxidation can't occur for the cis 
isomer, however. Instead, the base OH brings about E2 elimination, producing an enol, 
which tautomerizes to cyclohexanone. 
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i ring 
N mE 
OH {ip 
Cl 
H А С) 
trans-2-Chlorocyelohexanol 
Qt + д 
H 
1.2-Ерохусусіоћехапе 
и. , | 
н он; | 
| Ё | | О 
OH ' OH : 22 
= уу n s 
1 : 
ere |. но «cr : 
cis-2-Chlorocyclohexanol enal Cyclohexanone 
Reactions of Ethers and Epoxides 
18.44 
(a) OCH CH, OH 
m, 8и + CHCH] 
НгО 
(6) OC(CHa)4 OH CHa 
CF4CO;H 
— m + 2Us 
нас” “нь 
Г он о 
Нс =CHOCH>CH3 HO CH3CHal + p — 3* CHCH 
ena 


The enol tautomerizes to an aldehyde. 


(d) (сназссноосносно а (CH4,CCH;0H + CH4CHol 


Ф 2016 Cengage Leaming. All Rights Reserved. Мау not be scanned, copied or duplicated, vr posted то а publicly accessible website, in whole a in part. 


563 


564 Chapter 18 


18.45 
(а) Ко 
1. Hag(OCOCF3);. CH43CH50H CH5CH3 
— 
2. NaBH4 P 
(b) OCH, OH H 
“ 
н ete "7H РВга Вг 
H4C [UPS НзС 
H+ CH! H 
H OH 
(c) C» 
а --ОН 
RCOOH _ Он 
H50 
(d) = Fia 
indlar 
catalyst 1. ВНЗ. THF 
2. H202, Он 
1. NaH 
CH4CH5CH5CHa3CH5CH5O0CH4 SORT CHaCH5CH5CH^;CH5CH4OH 
n 
OCH 
e 3 
(e) 1. Hg(OCOCF3)9, CH3OH | 
CH4CHoCHaCH5CH == CHp —— ———— —————À CHCH CHCH>CHCH; 
HA 2. NaBH, 
from (d) 
18.46 


\ e o [CHaCHSCH3SCHaSOH 
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Zu H ud он» 
M 
:0 Wwe 
"i ` cis-5.6-Epoxydecane 
(iu RES 
(САН) (Сану) 
protonation of 
eportde oxygen = 
"OH 
d H a с C i я , 
attack of IO 4À {МН attack of 850 
attack at carbon а (Сано) m (C4 Hg) attack at carbon b 
H20: 
ОН HO 

(C4 Hg) м) / "c Ч (C4Hg) 

+ VH H^, \+ 

но (СН) (САНД) / Su 
Но: ^H н.о: SH 
|| loss of proton ll 

H H H H 

(C4Hg) м. S РА Я И” (СаНа) 
C—C.. + H30* 26 
/ с к (Cat) (CaHg) 4" q^ 
HO OH HO OH 


The product of acid hydrolysis of cis-5,6-epoxydecane is a racemic mixture of А, А and 


5,5 diols. 
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18.48 
77^ НОН, 
:Ó Y 
7A trans-5,6-Epoxydecane 
Hx we (C4 Hg) 
(C4Ho) 
protonation of 
epoxide oxygen - 
+ OH 
a ХЫ 
attack of IDO н- ^W "(C4Hg) attack of H0 
attack ab carbon а (C4Hg) VEL attack at carbon b 
H20: 
H OH HO {СаНа) 
| (Сана) a's / \ оН ? 
| 2 > Cato) Hoe fs 
| B H (C4Hg) г” OH 
Нон Но: н 
H 2 
loss of proton 
| н. Он но Сан» 
(СаНо) $ 1 == \R сн 
С—С--сн --C—C 
/ qv (Calg) + H4O* Ни сх 
HO H 3 (C4Hg) OH 
The product of acid hydrolysis of trans-5,6-epoxydecane is a meso compound that is a 
diastereomer of the products formed in the previous problem. 
18.49 
OH 
H * 
H30 , 
H H 
C(CH C(CH 
(C 323 ( 33 OH 


Cis-Meri-Butyl 1 2-epos veyclohexane 


The hydroxyl groups in the product have a trans-diaxial relationship. 


£ 2016 Cengage Learning. All Rights Reserved. Мау nor be scanned. copied or duplicated, or posled to а publicly accessible website. in whole or in part. 


18.59 


18.51 


18.52 


Ethers and Epoxides; Thiols and Sulfides 567 


(a) (6) 
fios -— норе 
Bean PRU NN Ке —C «CH, 
H 4 IN CHCH; H 4 S \ 
QR 3R)-2.3-Epos v- QR355)-3-Methyl- 
A-methylpentane 2 3-pentanediol 


Reaction with aqueous acid causes ring opening to occur at C3 because the positive 
charge of thc transition state is more stabilized at the tertiary carbon. Ring opening 
produces a diol in which the hydroxyl groups have a trans-diaxial relationship. 


(c) Since ring opening occurs exclusively at C3, the product is the 2А,35 isomer and is 
chiral. (If ring opening occurred equally at either carbon, the product would be a 
mixture of chiral enantiomers). 


(d) The product is optically active because only one enantiomer is produced. 


H : 


і Н 
H 


| О ig xd 
php Н 55 H30 
о: ——<@ f — -r 
А |. | р: Ж 
a | | 
` H H 


ен" 


Step 1: Attack of the hydride nucleophile. 
Step 2: Protonation of the alkoxide anion. 


The reaction is an Sx2 epoxide cleavage with “:H” as the nucleophile. The exact nature 
of the attacking nucleophile is not clear. 


+ enantiomer 


Deuterium and --ОН have a trans-diaxial relationship in the product. 
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Spectroscopy 


18.53 М“ = 116 corresponds to a sulfide of molecular formula СёН1:$. indicating one degree of 
unsaturation, The IR absorption at 890 cm ! is due to a R2C-CH? group. 


a а= 1.745 
m b= 2.18 
HoC— CCH5CH5SCH4 c= 2278 
е G d b E 
d= 2578 
2-Methy1-4imethyithio}-1-butene e= 4.735 
18.54 
Chemical 
gt Peak shif — Multiplicity — Split by: 
р ia a 1.845 — doublet c 
Е OCH; b 3.768 — singlet 
н.с с’ b C 6.00^  twoquartets— a.d 
ЗУ : 
a s d 6.360 doublet С 
t Anctholc e 6.82 à. doubler f 
f 7.23.9 doublet e 
18.55 P 
i = а= 2.3} а 
(а) CH, а= 0995 ©) ы 
| 44 5 SN ү, ОСНЬСН»ОН»Вг bs МЕ 
CH4CH,cSH b= 1344 WEE с UIS 
а са Gd = 1.610 а а an cas 
CH3 d d= 6.90-7.25 à 
b 


(c) | H4CO, OCH; 


2,2- 
Dimethoxypropane 
General Problems 
18.56 
(a) Оз 
OCH5CHCH4 2 „ОН Cris 
HBa Я 
— = +  BrCH»CHCH, 
NN 
(b) jd 1. (Н2№)2С=$ Б 
Н. CH5CH.6 = CH4CHCH. CH4SH 
C 3CHCHo 2 25r 2 OH, HzO 3 2СН2 2 
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B ү 
S o» — > [ss] 


(d) 


=O 


5 M NC d M 
| CH;CH3 — H405. H50 1 y CH2CHa 
——————— 
З Ww 


18.57 
OH „ОСНз r OCH 


| тт СнзСноСОС! 
oe — 
m. 2 Chil AlCla СЖ 


OCH, 


| KOH 
= В | 

H К ethanol YAS \ 
ЗЕ нс” m Ho-c^ w^ 


|] | 
т С. Aucthole CHCH, CH CH, 
3 СА 


The anethole ring has two functional groups — an ether and а hydrocarbon side chain with 
a double bond. The ether is synthesized first — by a Williamson ether synthesis from 
phenol and CH3l. The hydrocarbon side chain results from a Friedel-Crafts acylation of 
the ether. Reduction of the ketone, bromination and dehydrohalogenation are used to 
introduce the double bond. 


NaH 
(eed 


(a) ‚Он O' Na* 
^ 3 
{ | 


2 J 
974 + Ho 


PEN „CHBr 
(b) 27 | CH4C! CY NBS 
хх, AlCla хо (PHCOd)9 
(c) OT Na? P CH3Br CH20 
СТ e 
= + NaBr 


from {а} trom (bh) Benzyl phenyl ether 
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18.59 


18.60 


18.61 


18.62 


Chapter 18 
` CHCH» T OICH2CHa)z + ОСНСну21 
4 X | 
| I, | 
.. CH4CH».. .- CH3CHz... .- 
он оН | ~o: 
АТА 
—— j X —Ó—"— 
l. Base DE om 


MM 


Step 1: — Attack of the alcohol on the triethyloxonium cation, with loss of diethyl ether. 
Step 2: Loss of proton. 


Trialkvloxonium salts are more reactive alkylating agents than alkyl 10dides because a 
neutra] ether is an even better leaving group than an iodide ion. 


OH О Nat 0-9% omie 
OH O^ Na* О Z о 

2 Ман CH2Bro Hol = CHCH,C} | 

—— — — 
АКБ Хх. 
*2H +2 NaBr 
: CH3CH — CH; 
Safrole 


The mechanism of Grignard addition to oxetane 15 the same as the mechanism of 
Grignard addition to epoxides, described in Section 18.6. The reaction proceeds at a 
reduced rate because oxetane is less reactive than ethylene oxide. The four-membered 
ring oxetane is less strained, and therefore more stable, than the three-membered ethylene 
oxide ring. 


106g vanillin _ 6.97 x 10° mol vanillin 
152 g/mol 
1.60 g Agl 


= 6.81 x 10? mol Agl 
234.8 g/mol 


6.81 x 10? mol 2 6.81 x 10? mol — 6.81 x 10° mol — 6.81 x 10? mol 
Agl Г CHI -OCH, 


Thus, 6.97 x 10? mol of vanillin contain 6.81 x 10? mol of methoxyl groups. Since the 
ratio of moles vanillin to moles methoxyl is approximately 1:1, each vanillin contains one 
methoxyl group. 
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снзО 


HO CHO Vanillin 


18.63 Disparlure, CioHssO, contains one degree of unsaturation, which ће ІН NMR absorption 
at 2.8 6 identifies as an epoxide ring. 


| КМпО, 


=O 


С HO 
О 


6-Methylheptanoic acid Undecanoie acid 


HC=C Лаа, ЕС 
bsp d / р d де 
| \ NH 


18.64 


3 


NANANA a ON 
E + Br 


| Но, Lindlar catalyst 
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18.65 Use the aldehyde-forming reaction shown in the previous problem. 


„OH OH OH 
CHSCH5CI NBS d Гы 
A —> 
AICls (PhCO515 Ху. | 
снгснь СНСНа 

кон 
ethanol 
A OH OH OH 

+ 
| о «tt о 4PCOH 
M || $5 
CHCH CH — CH; CH=CH 


o-Mydroxy phenylaceialdehyde 


18.66 
E oH сн» CH3 
^ a 3 p d : 
Cy И i 
с | 
OCH, CH, 
CH3 --OH 
он 
Н 
(а) CH:MgBr, ether; (D . H32SO4, H20; (c) NaH, then СНУ; 
(d) m-CICsH4COsH; (e) | -OH, НО. 
18.67 ; 
(a) OCH, а= 127» (0 ое 
| 73 CH — CHOCH4 Dn = 3.17 a 
CH4CH b= 3314 b C a - 608 
а` je с= 4578 Sam жо 
perg d а= 7.1-7.6 à 
18.68 
кы М о 
\ i AN 
C. / i C— CH, 
'" CHo— Br | А / 
H Kap | espe H ~ 
e * Br 
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Step 1: X Addition of hydride to the ketone. 
Step 2: Displacement of bromide by the alkoxide anion. 


The intermediate resulting trom addition of Н; is similar to the intermediate in a 
Williamson ether synthesis. Intramolecular reaction occurs to form the epoxide. 


18.69 


CO; 
22 с 2 


ds 


CO, 


Chorismate Prephenate 
18.70 Note: For these problems it is best to redraw the molecule so that one can see the six 
atoms where the electrons will flow as a ring. 


(a) In this case the original Clatsen rearrangement product will further tautomerize to a 
more stable phenol. 


СН CH; CH; 

CH; pu Е 

А EN EE н; H;C Ho” 3 

CT CH» == а — ‚0 -— (^ OH 

= ИЛ 

(b) 2%. 2 

е Dac Со D;C^ “о 
ie — 

D,C^ “о 2 “сн: == sc " 

+ 
H3C = H3C 


(c) In this case the original Claisen rearrangement product will further tautomerize to a 
more stable phenol. 


СН» СНз GHs CH3 
D С) ES HO. 
не nd = р О | ^u. == b S => Г. | ку 
\ 
р D t J J p RN с zu he uu 
S CHz Н, 6, 
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Review Unit 7: Alcohols, Ethers, and Related Compounds 


Major Topics Covered (with vocabulary): 

The -ОН group: 

alcohol phenol glycol wood alcohol hydrogen bonding alkoxide топ phenoxide ion 
acidity constant 

Alcohols: 

Grignard Reagent Dess—Martin periodinane tosylate protecting group TMS ether 
Phenols: 

cumene hydroperoxide quinone hydroquinone ubiquinone 

Acyclic ethers: 

Williamson ether synthesis Claiscn rearrangement 

Cyclic ethers: 

Epoxide oxirane vicinal glycol peroxyacid crown ether 18-crown-6 

Thiols and sulfides: 


Thio} sulfide mercapto group alkythio group disulfide thiolate ion trialkylsulfonium 
salt sulfoxide sulfone 


Types of Problems: 
After studying these chapters, you should be able to: 


— Мате and draw structures of alcohols, phenols, ethers, thiols and sulfides. 
— Explain the properties and acidity of alcohols and phenols. 

~ Prepare all of the types of compounds studied. 

— Predict the products of reactions involving alcohols, phenols and ethers. 

— Formulate mechanisms of reactions involving alcohols, phenols and ethers. 
— Identify alcohols, phenols and ethers by spectroscopic techniques. 


Points to Remember: 


* The great biochemical importance of hydroxyl groups is due to two factors:(1) Hydroxy] 
groups make biomolecules more soluble because they can hydrogen-bond with water. (2) 
Hydroxyl groups can be oxidized to aldehydes, ketones and carboxylic acids. The presence 
of a hydroxyl group in a biological molecule means that all functional groups derived from 
alcohols can be easily introduced. 

РЯ 


Carbon-carbon bond-forming reactions are always more difficult to learn than functional 
group transformations because it is often difficult to recognize the components that form a 
carbon skelcton. The product of a Grignard reaction contains a hydroxyl group bonded to at 
least one alkyl group (usually two or three ). When looking at a product that might have 
been formed by a Grignard reaction, remember that a tertiary alcohol results from the 
addition of a Grignard reagent to either a ketone or an ester (the alcohol formed from the 
ester has two identical —R groups), a secondary alcohol results from addition of a Grignard 
reagent to an aldehyde, and a primary alcohol results from addition of a Grignard reagent to 


i» 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website. in whole or in part. 


Review Unit 7 575 


formaldehyde or to ethylene oxide. Remember that anv molecule taking part in a Grignard 
reaction must not contain functional greups that might also react with the Grignard reagent. 


* — Ethers are quite unreactive, relative to many other functional groups we study, and are 
often used as solvents for that reason. Concentrated halogen acids can cleave ethers to 
alcohols and halides. Remember that the halide bonds io the less substituted alkyl group 
when the ethers are primary or secondary alkyl ethers. 


*  Epoxide rings can be opened by both acid and base, In basic ring-opening of an 
unsymmetrical epoxide (and in ring-opening using a Grignard reagent), attack occurs at the 
less substituted carbon of the epoxide ring. [n acidic ring opening, the position of attack 
depends on the substitution pattern of the epoxide. When one of the epoxide carbons is 
tertiary, attack occurs at the more substituted carbon, but when the epoxide carbons are 
both primary or secondary, attack occurs at the less substituted carbon. 


* — The most useful spectroscopic data for these compounds: (1) A broad IR absorption in the 
range 3300 cm '-3600 ст ! shows the presence of thc -OH group of an alcohol or a 
phenol. (2) Hydrogens bonded to the -O—C- carbon of an alcohol or ether absorb in the 
range 3.5-4.5 à in an ЇН NMR spectrum or in the range 50-80 ё in а "C NMR spectrum. 


Self- Test: 


НьСНд 
EN 
A OH B OH 


an insecticide Febuprol (increases bile flow) Epichlorohydrin 


Provide a IUPAC name for A and identify chiral carbons. Would you expect A to be water- 
soluble? Label the hydroxyl groups of A as primary, secondary or tertiary. What products are 
formed when A reacts with: (a) CrOs, H3O' ; (b) PBrs; (c) (СНз)з51СІ, EtsN. 


Name B by IUPAC rules. Show the three components that comprise B. Thc synthesis of B 
involves a ring-opening reaction of the epoxide epichlorohydrin. Use this information to propose 
a synthesis of B from epichlorohydrin and any alcohol or phenol. 


С! 
НС 
== CH 
E x 
es d 4 ons a Нас 
С ds HO р 
Chlorbenside (larvicide) Chlorothymol 


What type of compound is C? Name C. Synthesize C from benzenethiol and benzene. What 
products are formed when С is treated with: (a) СН; (b) H202, H20; (c) product o (b) + 
CH3COsH. 


Synthesize D from m-cresol; assume that isomeric product mixtures can be separated. Describe 
the IR and !H NMR spectrum of D. 
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Multiple Choice: 
l. Hydrogen bonding affects all of the following except: 
(a) boiling point (b) solubility (с) position of -OH absorption in IR spectrum 
(d) chemical shift of CC-O- carbon in "C NMR. 
2. Which of the following alcohols can't be synthesized by a Grignard reaction? 
(a) Benzyl alcohol (b) Triphenylmethanol (с) 3-Bromo-l-hexanol (d) 1-Нехапо] 
3. Which of the following reactions of a chiral alcohol occurs with inversion of configuration? 
(a) reaction with NaH (b) reaction with РВгз (с) reaction with tosyl chloride 
(d) reaction with (CH3)3SiCl 
4. Ном many diols of the formula CaHi1002 are chiral? 
(a) 2 (b) 3 (c) 4 (d) 5 
5. Which alcohol is the least acidic? 
(a) 2-Propanol (b) Methanol {c} Ethanol(d) 2-Chloroethanol 
6. | Which of the following compounds can't be reduced to form CeHsCHoOH? 
(a) CHsCOoH (b) CoHsCHO (с) CeHsCO»CHs (9) CoHsOCHS 
7. The reagent used for dehydration of an alcohol is: 
(a) PCls (b) POCI; (c) SOCI: (d) PCC 
8.  Allof the following are products of oxidation of a thiol except: 
(a) a sulfide (b) a disulfide (с) a sulfoxide (d) a sulfone 
9. In which of the following cpoxide ring-opening reactions does attack of the nucleophile 
occur at the more substituted carbon of the epoxide ring? 
(a) BoA (b) А (с) рак (4) A 
H 4 H н. H Н.С „н Наб , н 
HCI OH HCI “OH 
10. Ethers are stable to all of the following reagents except: 


(a) nucleophiles (b) bases (с) strong acids (d) dilute acids 
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Preview of Carbonyl Compounds 


Chapter Outline 


|. The carbonyl group. 
А. Kinds of carbonyl compounds. 
1. All carbonyl compounds contain an acyl group (R-C-O). 
2. The groups bonded to the acyl group can be of two types: 
a. Groups that can't act as leaving groups. 
i. Examples: aldehydes and ketones. 
b. Groups that can act as leaving groups. 
ii, Examples: carboxylic acids, esters, amides, acid halides, lactones, acid 
anhydrides, lactams. 
B. Nature of the carbonyl group. 
1. The carbonyl carbon is sp’-hybridized. 
à. Am bond is formed between carbon and oxygen. 
b. Carbonyl compounds are planar about the double bond. 
2. The carbon-oxygen bond is polar. 
а. The carbonyl carbon acts as an clectrophile. 
b. The carbonyl oxygen acts as a nucleophile. 
II. Reactions of carbonyl compounds. 
A. Nucleopbilic addition reactions of aldehydes and ketones. 
1. А nucleophile adds to the carbonyl carbon. 
2. The resulting tetrahedral intermediate has two fates: 
a. The negatively charged oxygen can be protonated to form an alcohol. 
b. Loss of water leads to formation of a C=Nu double bond. 
В. Nucieophilic acyl substitution reactions. 
1. А nucleophile adds to the carbonyl carbon. 
2. The resulting tetrahedral intermediate expels a leaving group to form a new carbonyl 
compound. 
3. This type of reaction takes place with carbony! compounds other than aldehydes and 
ketones. 
C. Alpha substitution reactions. 
1. Reaction can occur at the position next to the carbonyl carbon (a posttion). 
a. This type of reaction is possible because of the acidity of alpha hydrogens. 
b. Reaction with a strong base forms an enolate anion, which behaves as a 
nucleophile. 
2. Allcarbonyl compounds can undergo a substitution reactions. 
D. Carbonyl condensation reactions. 
1. Carbonyl condensation reactions occur when two carbonyl compounds react with 
each other. 
2. Theenolate o£ one carbonyl compound adds to the carbonyl group of a second 
compound. 
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Solutions to Problems 


1. According to the electrostatic potential maps, the carbonyl carbon of acetyl chloride is 
more electrophilic and the oxygen of acetone is more nucleophilic. This makes sense, 
because acetyl chloride has two electron-withdrawing groups that make its carbonyl carbon 
electron-poor and thus electrophilic. Because acety] chloride has two electron-withdrawing 
groups. neither group is as nucleophilic as the carbonyl oxygen of acetone. 


2. The reaction of cyanide ion with acetone is a nucleophilic addition reaction. 


О Oc 5 OH 
d “CN | | Оу | 
C —— | --С © ae --С 
нас” сн АС “см. M30" см 
‚НС | HaC 


Cyanide anion adds to the positively polarized carbonyl carbon to form a tetrahedral 
intermediate. This intermediate is protonated to yield acetone cyanohydrin, 


3. (а) This reaction is a nucleophilic acyl substitution. Ammonia adds to acetyl chloride, 
and chloride is eliminated, resulting in formation of an amide. 
(b) In this nucleophilic addition reaction, addition of the nucleophile is followed by loss 
of water. 
(c) Two molecules of cyclopentanone react in this carbonyl condensation. 
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Chapter 19 — Aldehydes and Ketones: Nucleophilic Addition Reactions 


Chapter Outline 


I. General information about aldehydes and ketones (Sections 19.1-19.3). 
A. Naming aldehydes and ketones (Section 19.1). 
1. Naming aldehydes. 
a. Aldehydes are named by replacing the —e of the corresponding alkane with -al. 
b. The parent chain must contain the -CHO group. 
c. The aldehyde carbon is always carbon 1. 
d. When the -CHO group is attached to a ring, the suffix -carbaldehyde is used. 
2. Naming ketones. 
а. Ketones are named by replacing the — of the corresponding alkane with -one. 
b. Numbering starts at the end of the carbon chain nearer to the carbonyl carbon. 
c. The word acyl is used when a RCO- group is a substituent. 
B. Preparation of aldehydes and ketones (Section 19.2). 
]. Preparation of aldehydes, 
a. Oxidation of primary alcohols with Dess-Martin periodinane. 
b. Partial reduction of carboxylic acid derivatives. 
2. Preparation of ketones, 
a. Oxidation of secondary alcohols. 
b. Ozonolysis of alkenes with at least one disubstituted unsaturated carbon. 
с. Friedel- Crafts acylation of aromatic compounds. 
d. Preparation from carboxylic acid derivatives. 
C. Oxidation of aldehydes and ketones (Section 19.3). 
1. Aldehydes can be oxidized to carboxylic acids by many reagents. 
a. CrO; is used for normal aldehydes. 
b. Oxidation occurs through intermediate | ,1-diols. 
2. Ketones are generally inert to oxidation, but can be oxidized to carboxylic acids 
with strong oxidizing agents. 
II. Nucleophilic addition reactions of aldehydes and ketones (Sections 19.4-19.13). 
А. Characteristics of nucleophilic addition reactions (Section 19.4). 
1, Mechanism of nucleophilic addition reactions. 
a. Anucleophile attacks the electrophilic carbonyl carbon from a direction [05? 
opposite to the carbonyl oxygen. 
b. The carbonyl group rehybridizes from sp? to sp*, and a tetrahedral alkoxide 
intermediate is produced. 


c. The attacking nucleophile may be neutral or Бу charged. 

i Neutral nucleophiles usually have a hydrogen atom that can be eliminated. 
d. The tetrahedra} intermediate has two fates: 

i. The intermediate can be protonated to give an alcohol. 


ii The carbonyl oxygen can be eliminated as -OH to give a product with a 
С=Ми double bond. 
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2. Relative reactivity of aldehydes and ketones. 
a. Aldehydes are usually more reactive than ketones in nucleophilic addition 
reactions for two reasons: 
1. A nucleophile can approach the carbonyl group of an aldehyde more readily 
because only one alkyl group is in the way. 
ii. Aldehyde carbonyl groups аге more strongly polarized and 
electrophilic because they are less stabilized by the inductive effect of 
alkyl groups. 
b. Aromatic aldehydes are less reactive than aliphatic aldehydes because the 
electron-donating aromatic ring makes the carbonyl carbon less electrophilic. 
B. Nucleophilic addition reactions (Section 19.5-19.13). 
|. Hydration (Section 19.5). 
a. Water adds to aldehydes and ketones to give 1,1-diols (often referred to as gem- 
diols or hydrates). 
b. The reaction 1s reversible. but generally the equilibrium favors the carbonyl 
compound. 
c. Reaction is slow in pure water, but is catalyzed by both aqucous acid and base. 
1. The base-catalyzed reaction is an addition of -OH, tollowed by 
protonation of the tetrahedral intermediate by water. 
i. Inthe acid-catalyzed reaction, the carbonyl oxygen is protonated, and 
neutral water adds to the carbonyl carbon. 
d. The catalysts have different effects. 
i. Base catalysis converts water to a better nucleophile. 
ii. Acid catalysis makes the carbonyl carbon a better electrophile. 
е. Reactions of carbonyl groups with H-Y, where Ү is electronegative, are 
reversible; the equilibrium favors the aldehyde or ketone. 
2. Cyanohydrin formation (Section 19.6). 
a. HCN adds to aldehydes and ketones to give cyanohydrins. 
i. The reaction is base-catalyzed and proceeds through a tetrahedral 
intermediate. 
ii, Equilibrium favors the cyanohydrin adduct. 
b. HCN is one of the very few protic acids that add to a carbonyl group 
c. Cyanohydrin formation is uscful for the transformations that the -CN group can 
undergo. 
i. The -CN group can be reduced, to form an amine. 
ii. The -CN group can be hydrolyzed, to produce a carboxylic acid. 
3. Addition of hydride and Grignard reagents (Section 19.7). 
a. Hydride addition. 
i. LiAIHa4 and NaBH; act as tf they are Нг donors and add to carbonyl 
compounds to form tetrahedral alkoxide intermediates. 
ii. In a separate step, water is added to protonate the intermediate. yielding ari 
alcohol. 
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b. Addition of Grignard reagents. 

i. Mg" complexes with oxygen, making the carbonyl group more 
electrophilic. 

il. В: adds to the carbonyl carbon to form a tetrahedral intermediate. 

iii. Water is added in a separate step to protonate the intermediate, yielding an 
alcohol. 

iv. Grignard reactions are irreversible because Кг is not a leaving group. 

4. Addition of amines (Section 19.8). 
a. Amines add to aldehydes and ketones to form imines and enamines. 
b. An imine (R>C=NR) is formed when a primary amine adds to an aldehyde or 
ketone. 

i. The process is acid-catalyzed. 

ii. A proton transfer converts the initial adduct to a carbinolamine. 

11. Acid-catalyzed elimination of water yields an imine. 

iv. The reaction rate maximum occurs at pH = 4.5. At this pH, [Н*] is high 
enough to catalyze elimination of water, but low enough so that the amine 
is nucleophilic. 

v. Some imine derivatives are useful for characterizing aldehydes and ketones. 

c. Enamincs (R:N=CR-CRz2) are produced when aldehydes and ketones react with 
secondary amines. 

i. The mechanism is similar to that of imine formation, except a proton from 
the & carbon is lost in the dehydration step. 

5. Addition of hydrazine: the Wolff-Kishner reaction (Section 19.9). 
a. Hydrazine reacts with aldehydes and ketones in the presence of KOH to form 
alkanes. 


i. Thcintermediate hydrazone undergoes base-catalyzed bond migration, loss 
of N» and protonation to form the alkane. 


b. The Wolff-Kishner reduction can also be used to convert an acylbenzene to an 
alkylbenzene. 


6. Addition of alcohols: acetal formation (Section 19.10). 
а. In the presence of an acid catalyst, two equivalents of an alcohol can add to an 
aldehyde or ketone to produce an acetal. 
i. The inital intermediate, а hemiacetal (hydroxy ether), is formed when the 
first equivalent of alcohol is added. 
ii. Protonation of -OH, loss of water, with Formation of an oxonium ion, and 
addition of a second molecule of ROH yields the acetal. 
b. Since the reaction is reversible, changing the reaction conditions can drive the 
reaction in either direction. 


c. Because acetals are inert to many reagents, they can be used as protecting 
groups in syntheses. 


i. Diols are often used as protecting groups, forming cyclic acetals. 
7. The Wittig reaction (Section 19.11). 
a. The Wittig reaction converts an aldehyde or ketone to an alkene. 
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b. 


Steps in the Wittig reaction: 

i Ап alkyl halide reacts with triphenylphosphine to form an 
alkyltriphenylphosphonium salt. 

ii. Butyllithium converts the salt to an ylide (phosphorane). 

iii. The ylide adds to an aldehyde or ketone to form a dipolar betaine. 
(a) In some cases, the addition is a one-step cycloaddition. 

iv. The betaine forms a four-membered ring intermediate (oxaphosphatane), 
which decomposes to form the alkene and triphenylphosphine oxide. 

Uses of the Wittig reaction. 

i. The Wittig reaction can be used to produce mono-, di-, and trisubstituted 
alkenes, but steric hindrance keeps tetrasubstituted alkenes from forming. 

li, The Wittig reaction produces pure alkenes of known stereochemistry 
(excluding E,Z isomers). 


8. Biological reductions (Section 19.12). 


а. 


b. 


The Cannizzaro reaction is unique in that the tetrahedral intermediate of 
addition of a nucleophile to an aldehyde can expel a leaving group. 
Steps in the Cannizzaro reaction. 


i. HO" adds to an aldehyde with no a hydrogens to form a tetrahedral 
intermediate. 


ii His expelled and adds to another molecule of aldehyde. 

ii. The result is a disproportionation reaction, in which one molecule of 
aldehyde is oxidized and a second molecule is reduced. 

The Cannizzaro reaction isn't synthetically useful, but it resembles the mode of 

action of the enzyme cofactor NADH, 


9. Conjugate addition to a, B-unsaturated aldehydes / ketones (Section 19.13). 


a. 


Steps in conjugate addition. 

i. Because the double bond of an a,B-unsaturated aldehyde/ketone is 
conjugated with the carbonyl group, addition can occur at the В position, 
which is an electrophilic site. 

ii. Protonation of the а carbon of the enolate intermediate results in a product 
having а carbonyl group and a nucleophile with a 1,3 relationship. 

Conjugate addition of amines. 

i. Primary and secondary amines add to a, p-unsaturated aldehydes and 
ketones. 

п. The conjugate addition product is often formed exclusively. 

Conjugate addition of water. 

i. Water can add to yield В-һуйгоху alachydes and ketones. 

п. Conjugate addition of water also occurs in living systems. 

Conjugate addition of organocopper reagents. 

і. Conjugate addition of organocopper reagents (R2CuLi1) alkylates the 
double bond of a. B-unsaturated ketones, 

п. This type of addition doesn't occur with other organometallic reagents. 
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iii, Primary, secondary, tertiary, aryl, and alkenyl groups can be added. 
iv. The mechanism may involve conjugate addition of the diorganocopper 
anion, followed by transfer of an -R group. 
III. Spectroscopy of aldehydes and ketones (Section 19.14). 
A. IR spectroscopy. 
1. T he C=O absorption of aldehydes and ketones occurs in the range 1660—1770 
cm. 

a. The exact position of absorption can be used to distinguish between an 
aldehyde and a ketone. 

b. The position of absorption also gives information about other structural 
features, such as unsaturation and angle strain. 

с. The absorption values are constant from one compound to another. 

2. Aldchydes also show absorptions in the range 2720—2820 ст". 
B. NMR spectroscopy. 
1. ІН NMR spectroscopy. 

а. Aldchyde protons absorb near 10 5, and show spin-spin coupling with protons 
on the adjacent carbon. 

b. Hydrogens on the carbon next to a carbonyl group absorb near 2.0-2.3 à. 
i. Methyl ketone protons absorb at 2.1 б. 

2. VC NMR spectroscopy. 

a. The carbony!-group carbons absorb in the range 190-215 8. 

b. These absorptions characterize aldehydes and ketones. 

c, Unsaturation lowers the value of ò. 

C. Mass spectrometry. 
1. Some aliphatic aldehydes and kctones undergo McLafferty rearrangement. 

a. A hydrogen on the y carbon is transferred to the carbonyl oxygen, the bond 
between the a carbon and the В carbon is broken, and a neutral alkene 
fragment is produced. 

b, The remaining cation radical is detected. 

2. Alpha cleavage. 
a. The bond between the carbonyl group and the a carbon is cleaved. 
b. The products are a neutral radical and an acyl cation, which is detected. 
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Solutions to Problems 


19.4 Remember that the principal chain must contain the aldehyde or ketone group and that 
an aldehyde group occurs only at the end of a chain. The aldehyde carbon ts carbon 1 
in an acyclic compound, and the suffix -carbaldehyde is used when the aldchyde group 
is attached to a ring. 


(a) 0 (b) 
CH4CH3CCH(CH4)5 


CH5CH3CHO 


2. MethbyI-3-pentanone 


(c) 0 ? (d) 
CH4CCHSCH5CHSCCH5CH4 
2. 6-Octaneditone 


trans-2-Methyleyclo- 
hexanecatbaldehyde 


(e) CH3CH = CHCH;CH;CHO (f) 


4-Hexenil 


CH: 
cis-2,5-Dimethyicyclohexant 


19.2 
(a) GHs (b) n (c) CHaCHO 
CH3CHCH»CHO CH3CHCH5CCH; 
3-Methylbutanal 4-Chloro- 2-pentanone Phenylacctaldeh yde 
H H CH CH3  CH4CHCI 
(9 сну асно © [3 0 Ж АУЕ 
НС — CCH5CHO CH4CH5CHCHSCHSCHCHO 
Cis- Meri Buislevclo- MMetihyl-3-bitenal 2-¢f-Chloroetly 1-5- 
hexanecarhaldehvde imeihylheptand 
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19.3 We have scen the first two methods of aldehyde preparation in earlier chapters. 


(a) Dess Martin 
periodinane 
CHoCly 


l- Pentanol 


CH4CH5CH4CHSCHO + СНО 


(b) 1:03 
CH4CH5CH5CH5CH = CH, 2 Zn но 


| -Hexene 
(c) 1. ВНЗ. THF 
CHa4CH2CH5CH — CH» $$) CH3CH5CH5CH5CH40H 
ь 2. НО», ОН 
| -Pentene (a) 
\ . DIBAH 
(d) сн;сн,снсн,соснз P5 CH4CH2CH5CH4CHO 
19.4 Ail of these methods are familiar. 
(a) H30* [| 
CH4CH5C = CCH5CH = E 
3CH» 2СНз HgSO, CH3CH2CH»CCH2CH; 
О о 
(b) i i 
C Br С 
_снзсос! _ "CH вг, “сн, 
————њ 
АСБ РеВгз 
HO. о сн 
ш MgBr ^ CHCHg Е 
1. CH3CHO 03 
—Á— = 
2. H40* "Wo 
‚ H 
(d) ' CH ТА 
i 1. ВНЗ, THF 
2. H505. 2 но» OH 
: H 
OH 
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19.5 


19.6 


19.7 


19.8 


Chapter 19 


. ù- | & 
e CN HO CN 


: р: ʻO: 
© == | == + ОН 
1. | 3. 


cyanohydrin 


Step 1: Cyanide anion adds to the positively polarized carbonyl carbon to form a 
tetrahedral intermediate. 
Step 2: This intermediate is protonated to yield the cyanohydrin. 


O О 
7 и 
H H 
—— — ie 


electron-withdrawing electron-donating 


The electron-withdrawing nitro group makes the aldehyde carbon of p-nitrobenzaldehyde 
more electron-poor (more electrophilic) and more reactive toward nucleophiles than the 
aldehyde carbon of p-methoxybenzaldehyde. 


ӨН; О: OH 
Nil | | | | 
C 3+ --С : --С 
сыс» H = [C074 “он “Т СС" 4 “он 
\ om А 
-- ОН? Chloral hydrate 
ГА | ЕЕ 
E i | 
C рез -7 at і —— --С E 
A TR я OH i "OH 
V D 3 


The above mechanism is similar to other nucleophilic addition mechanisms we have 
studied. Since all steps are reversible, we can write the above mechanism in reverse to 
show how labeled oxygen is incorporated into an aldehyde or ketone. 
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r tin 
^ сф 7 
> —» " mE —— d 
Rao. T RU POS P зи 
H R s 


This exchange is very slow in water but proceeds more rapidly when either acid or base 15 


present. 
19.9 
мс O^ | NC OH 
ныс CH3 ныс CH3 HC CH3 
OH —» CH, | HON CHa 
——— o 
+ “CN | + “CN 
22 6-Trimethyleyclohexanone 
Cyanohydrin formation is an equilibrium process. Because addition of CN to 2,2,6- 
trimethylcyclohexanone is sterically hindered by the three methyl groups, the equilibrium 
lies toward the side of the unreacted ketone. 
19.10 p. 
HCH. 
| т! N(CHoCH)a 
HO + + Hed 
А A AC, er CHO 2NH ^ А 
mine enamine 


Reaction of a ketone or aldehyde with a primary amine yields an imine, in which C=O 
has been replaced by C=NR. Reaction of a ketone or aldehyde with a secondary amine 
yields an enamine, in which C=O has been replaced by C-NR2, and the double bond has 
moved. 
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19.11 


19.12 


19.13 
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+ у 
но —H = 
4 ia d - КЕ 
~INA X НМА HNR (* :OHp 
i] I> | TH a | M 
C "1 | mnz T с + 
ws j^ 2 ЗОН 
| 
RNHa Fx T А 
+ : ! X H5oNH НМА + H0 
ee шы. а 
=— pmo == Cut 
- = carbinolamine 


Step 1: Protonation of nitrogen. 
Step 2: Addition of water. 

Step 3: — Loss of proton. 

Step 4: Proton transfer. 

Step 5: Loss of amine. 


The structure ts an enamine, which ts prepared from a ketone and a secondary amine. 
Find the amine and ketone components and draw the reaction. 
from dicthylamine 


Е A^ £ 
С ] 


Teea h 


`. 


à = 
from cyclopeatanone 


CH, О CH3 
CH4C — CHCCH4 —— CH4C = CHCH2CH, 
KOH 
, | He ‚ | He 
a (c 
< рас ©? | parc 
CH. О CH3 
} Ik (e) HoNNH» | 
CHyCHCH;CCHg = me CH CHC HCH CH 
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19.14 Formation of the hemiacetal is the first step. 


(а) P 
Ф : 
Hcl | ae CHCH» i 
um ES он _ un i ju , 1QH3: OH  H40* 
f x = » а í 
C mcer oca 26 H — „С... 
м ESSA d м +— —=- Re ч. и T«——— HC i uk a 
| CHsCH»OH CH3CH20H 
e hemiacetal 
Step 1: Protonation of oxygen. 
Step 2: Addition of -OH. 
Step 3: — Loss of proton. 
(b) 
` la Н 
H С! | \ M D R f / Jav | 
EOR o сг бн Rpt; “9% 
me == used ео 1] x | CHa 
па ЗО: 9 p 79: 2, SAt Co 3 Озү 
CH2CH20H | CHaCH20H д : 
HH 


HH 

асс 
Step 1; Protonation. 
Step 2: Loss of H20. 
Step 3: Addition of -OH. 
Step 4: Loss of proton. 
Protonation of the hemiacetal hydroxyl group is followed by loss of water. Attack 
by the second hydroxyl group of ethylene glycol forms the cyclic acetal ring. 


19.15 Locate the two identical -OR groups to identify the alcohol that was used to form the 
acetal. (The illustrated acetal was formed from methanol.) Replace these two —OR groups 
by —O to find the carbony! compound, 


О HaC H CH, О НАС H 
|| X; | |} UNI 
ud d P. Hou ге MEM 
fr | 
[гой 


metbanol 
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19.16 Locate the double bond that is formed by the Wittig reaction. The simpler or less 
substituted component comes from the ylide, and the more substituted component comes 
from the aldehyde or ketone. Triphenylphosphine oxide is a byproduct of all these 


reactions. 
H 
(8) X | from ylide 
^ Cw 
V C CHa 
from 
ketone 
(b) "RN Y 
from ylide Cso © 


from 
aldehyde 


(c) D 
' Л "M 
-——— CH3CCH, + — (Ph)gP— CHCH5CHaCHs 


from from ylide 


ketone 
+ - 
(d) " (Ph)9P — CH 
' | from a + CH3CCH3 
CHg ketone 
from ylide 
(e) CH 
p "s im CH 
C ГА 
Fo 
r l anM 
H 
from ketone trom ylide 
The Z isomer is also produced. 
(f) сн from ylide 


ES — Сү. (Ph) Р m= CH; 


from 
ketone 
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19.17 
CHO (Ph P. p 
те tuor mE үз idi 
p-lonytideneacetaldehy de 
19.18 
d j 
м ^ ee о | 
qu. OH 
C e C 
22 `H "OH 
| -— т 
Su. Ж 2 н 
а с” 
d eu М | 
О О; H Г 


е 


С Е 
“он но" ^Q 
—-——- 
i H 
СНОН 3 с 
_ HO H 4 


Step 1: Addition of OH. 

Step 2: Expulsion, addition of `H. 
Step 3: Proton transfer. 

Step 4: Protonation. 


This 15 an intramolecular Cannizzaro reaction. 
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19.19 Addition of the pro-R hydrogen of NADH takes place at the Re face of pyruvate. 


Re face 


HaC COs я C —NH 
/ 2 


(S)-Lactite О NAD* 


19.20 The -ОН group adds to the Re face at carbon 2, and Н" adds to the Re face at carbon 3, 
to yield (2R,35)-isocitrate. 


Л | OC H 
R ы 1: € л А 2x 
rcr "OH HO: . Обу 506 812608 
4 ГА 
ды Re face | 
S Vor C3 МӨ, Н 


TEC са Е (AR 3S)-[socitrate 


19.21 The product is formed by 1,4 addition of CN, followed by protonation, 


cx = ^d 
os Q: | O + TCN 
| 
| Б | 
G. = uw Ө 
пш соры protonation 


addition 
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19.22 To choose the reactants that form a conjugate addition product, follow these steps: 


(1) Give to the aldehyde or ketone carbon the number "1". and count two carbons away 
from the carbonyl carbon. The double bond in the «i !f-unsaturated starting material 
connected the carbons numbered "2" and "3", 


(2) The grouping bonded to the "3" carbon (circled here) came from the alkyllithium 


reagent. 
(a) 0 P Е 
i1.Li(CH4CHSCHo)eCu „7 b | 
HəC=CHCCH; rare ame CH3CH2CH2PH2CH2CCH3 
2. НО d Aa 02 ©, 
2-Heptanone 
H 
(b) о CH3 о к, 
1. L(CH3)oCu 1 ар v3 
—— Now 
2. но" 
3.3 Dimethyieyclohexanone 
1. (ИСНЗСН2)2С4 temet 
2. H30* 
C(CH4)4 C(CH4 
3-tert-Butyl-3-ethy les eiohexanone 
d oes 
ш) {CH=CH ; 
О sea 2.0 
1. LifHpC — CH)aCu 
oe 
2. HgO* 
19.23 
О HO сн; О 
15 Li(CH4)S Cu 
?OH © d 
iu dd TS CH 
3 
А 8 
2-Cyclohexenone I-Methyl-2- 3-Methyleyciohexanone 


vyclohexen-1 -ol 


2-Cyclohexenonce is a cyclic a,ff-unsaturated ketone whose carbonyl IR absorption occurs 
at 1685 em ', If direct addition product A is formed, the carbonyl absorption vanishes and 
a hydroxyl absorption appears at 3300 cm '. If conjugate addition produces B, the 
carbonyl absorption shifts to 1715 cm *. where 6-membered-ring saturated ketones 
absorb. 
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19.24 Find the type of aldehyde or ketone and check Table 19.2 for absorptions. 


(a) Н»С=СНСН›СОСИ› absorbs at 1715 cm !. (4-Penten-2-one is not an а„8- 
unsaturated ketone.) 


(b CH3sCH=CHCOCHS is an o.ff-unsaturated ketone and absorbs at 1685 сиу". 
OQ Q О 


c) (d) (e) 


(c) 2,2-Dimethylcyclopentanone, a five-membered-ring ketone, absorbs at 1750 cm '. 


(d) m-Chlorobenzaldehyde shows an absorption at 1705 стг! and two absorptions at 
2720 cnr! and 2820 em. 


(с) 3-Cyclohexenone absorbs at 1715 стг!. 
(f CHxCH2CH2CH=CHCHO is an o ff-unsaturated aldehyde and absorbs at 1705 em“. 


19.25 In mass spectra, only charged particles are detected. The McLafferty rearrangement 
produces an uncharged alkene (not detected) and an oxygen-containing fragment, which 
is a cation radical and is detected. Alpha cleavage produces a neutral radical (not 
detected) and an oxygen-containing cation, which is detected. Since alpha cleavage 
occurs primarily on the more substituted stde of the aldehyde or ketone, only this 
cleavage 1$ shown. 


(a) 
a 

H4C f H HaC 

ные! McLafferty НТ... n | 

SOA — m : 
w uer rearrangement CH? н. E “сн; | 
н сн, _ | 

1 r+ тїт = 72 
| H.C н H 
| зм 
| 0 1 HaC .. О 
| Alpha CH Ш 
: ir е SO: : = i 2 С 
: н“ "С, CHa: cleavage H~ - + г. 
н CH, | н єн NUT 
3-Methy]-2-hexanone CHa тіс = 43 


miz = 114 
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+’ 
нас 1 он | 
ЗУМ “4 | НАС. М - + 

т ‚ — McLafferty CH OH 

| Sey eae a RLY REMIT ETON e 

d Ста, С | rearrangement CH C 

} ме” 0 : „ PAST 

Е д. S Í H3C 2С” “СНз 
н H = = 

a nil = 58 

4” 

H 
| „Н HaC. - 

| С О Alpha CH» Ше + 

| H | | cleavage H | ОШ 

Кык E | Onen T 

СНз: H 

| ue VN Ё 3 HC 2 CHa 

L H H E 

4-Methyl-2-hexanone n^ = 43 

miz = 114 


Both isomers exhibit peaks at m/z = 43 due to a-cleavage. The products of 
McLafferty rearrangement, however, occur at different values of m/z and can be 
used to identify each isomer. 


(b) 
-4 
НС. | H | H3C - TT 
TA IS | — MeLafferty "eH он it 
|<’ ИГ EM + 
Аза „— rearrangement 
C." XC : CHa 
н“ ^e “сн,Снз ` нәс“ “сносна 
H H J ті = 72 — 
Imo d HaC 
Нас. 1 H зс 8 * 
тс” Alpha CH3 D 
| || —— == + 
Hae n cleavage Hag » us 
^ “с^ NCH CH ^ “бн | 
н А 24m3 H А CH2CH3 
H H 
К тё = М] 


3-Heptanone az = 114 
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(с) 


i t 
iH H ; | д 
Ше с -O McLafferty CHa OH T 
ЭШ? TT —————- || ё | 
| нс Сы rearrangement CH» | P | 
A НЕОН "нус `СнәСнәСна 
Ж | miz = 86 
А M 
їн | H E E 
: í ? Alpha T | n | 
Н s cleavage н... T duo 
: C < «С M C. i 
/^ ^Q^. "CH5CH5CH4 / "OH 
Wo | H CHoCH;CH, | 
H i 


- m/z = 7l 
4-Heptanone — m/z = ПА 


The isomers can be distinguished on the basis of both a-cleavage products (m/z = 57 
vs m/z = 71) and McLafferty rearrangement products (m/z = 72 vs m/z = 86). 


+’ 


H 

НС. | „н HaC _ 

POS SÉ о “сн он 1+ 

H Jer ll McLafferty il + | 

C /- — o 

H 9 = С `H rearrangement CH2 IN a H 

2-Methylpentanal ИНЕ САВ 
iil = 100 


The fragments from McLafferty rearrangement, which occur at different values of 
m/z, serve to distinguish the two isomers. 


"m H ЕС 2 
нас. | „Н 
| [ : Alpha Hes. г 1. 
нс N C H СН О 
H^ pc “н cleavage Hal + : i 
“ns, ` 
| H сн; — н CH i 
2-Methylpentanal CH, : 
mi; = 100 miz = 29 
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idR 
HC I H НЗС. р 2 
aN n McLafferty ү? R i Ts | 
" T" QE E : | 
H СС rearrangement „Сн Pion | 
H H3C НС | 
H H - 
: тт = 44 
+’ 
HaC | H C 
ac 3 PEE 
Е. О Alpha “сну о + 
|| "eleavhae — | | 
H—C C claavary: Ho n Ж 
Áo E “н и єн | 
HC их HC "2 a 
3 Methylpentanal пҥ = 29 
її = [OO 


19.26 IR: The only important IR absorption for the compound is seen at 1750 em !, where 5- 
membered ring kctones absorb. 
Mass spectrum: The products of alpha cleavage, which occurs in the riug, have thc same 
mass as the molecular ion. 


f. +. г +” ‚+ 
О ; T 
DIA ACT E 
M ab P doc o АТ t s 
| \ / г Cleavage | т, 
; | ] RN 
apr = 140 miz = |) miz = 140 
The charged fragmen resulting from the MceLatferty rearrangement appears at ;2/7 = 84. 
las 
H 
Q Ln 
os ; _Merattery _ В; 
; ЕК 
mé; = 140 г = 8 


Visualizing Chemistry 


19.27 It helps to know that all of these substances werc prepared from aldehydes or ketones. 
Look for familiar groupings of atoms to identify the starting materials. 


(a) Notice that the substance pictured is a cyclic acetal. The starting materials were а 
diol (because cyclic acetals are prepared from diols) and an aldchyde (because 
an -H is bonded to the acetal carbon). Replace the two —OR groups with =O to 
identify the aldehyde starting material (acetaldehyde). 
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(b) 


(c) 


(d) 


о 
} acid H4C о 
H3C ye ме О -— — | **"67?' ^. HOCHS4CHCH50H 
N catalyst | 
H 


acetal 


We know that the product is an imine because it contains a carbon-nitrogen double 
bond. The carbon that is part of the C=N bond came from a ketone, and the nitrogen 
came from a primary amine. 


н H на 
\ 


и! 
C „С CH3NH H 
"NÁ "CH, СТ 2МН> (Нз 
-4———— * zo. 

O^ “CH. 

imine n 


The product is an enamine, formed from a ketone and а sccondary amine. Nitrogen 
is bonded to the carbon that once bore thc carbony! oxygen. 


bonded to the carbon that once bore the carbonyl oxyeen. 
tee Б 
Кл N -——————— [9] + H= N 
‘ Мы 
enamine 


The secondary alcohol product might have been formed by either of two routes — Бу 
reduction of a ketone or by Grignard addition to an aldehyde. 


н Он 2 
НСС НС „© 
м t. NaBH 
/SN - 4 EN 
нс H 2. H40* нс H 
CHa 
OF 
H, OH 
НЗС. „© MaBr ~ 
С «1: (Снз)гСНСно 
H3C H 2. "АН | 
СНз 


19.28 The intermediate results from the addition of an amine to а ketone. The product is an 
enamine because the amine nitrogen in the carbinolamine intermediate comes from a 
secondary amine. 
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| o = a "s „(СНз 
er ч „© : E СООН)» ч С. 


HaC^ D CHCHa)z CH3 | CH, 


3-Methyt-2-butianene 


19.29 (a) The nitrogen atom is sp’-hybridized, and the geometry is planar. 
(b) Ap orbital holds the lone-pair electrons of nitrogen. 


(c) Thep orbital holding the lone-pair electrons of nitrogen is aligned for overlap with 
the л electrons of the enamine double bond. With this gcometry, the nitrogen lone- 
pair electrons can be conjugated with the double bond. thus lowering energy. 


CH3 . CH3 
| 14 | Tei 
N s CHy = „М CH» 
њос 2 нс“ PAS 
СНз CH3 


Mechanism Problems 


19.30 Note: While there may be several resonance forms for a particular intermediate, these 
solutions will always use the most stable form. 


(a) 
OA, — © 
cl O 
О 


Mechanism: 


a( e —* 5—4] 


AICI; АКА i AICI, 
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(b) 
о CH; OCH 
OCH; о ds | 
АСЬ | 
P v к 
CH; ci | ^ 
a о 
Mechanism: 
СУ E = О, Не 
сн,—==0: ACh AI Ny, Y ЄН ag 
"O° \ >, 3 
Ё АСЫ ——» (Бен, —- OCH; —= Wa, ЯН» 
ч. a 
and 
+ 
G OCH, 
“о” бен CH; B 
C 7 ACh —= — —- — = CH; 
CH; cl Оон 
О с = 
Mt АС AICI, z D. 
(с) 
CH, CH; 
s US М, 
o 
" PES Д. AIC! Ms | 
н, v odds RE a AICI; n | 
| ! as Pp es 
cl Y CH; 
Mat 
о 
Mochenism: сн; сну eni CH; сњ CHa 
«te M a з, uL. 
C m m „© o S. Аи сњ ү E 
CH aa D NE d < LAH dé M ue 
Si | M 2& aut |)? ба aay мам. E 
D | | 


19.31 Note: Each mechanism involves nucleophile addition to а carbonyl followed by 


protonation. 


(a) 


о EN MgBr 
"| 

—. a m 

Mechanism: 


+ 
хуг C" MgBr 


HO 
| SS 
А f 4 
a 
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(b) 
H H 
NaCN, HCN 
О HO CN 
Mechanism: 
арй Е ЖА b = 
БИ? = 4 E p 
‚о. СМ: (мен :0: CN: HO: CN: 
(c) 
o нон 
МаВН. 
| Cw `СН2СН: CHOH CH3CHs 
uu 
H 57 нон, H iOH 
CH-CH3 ы CHzCH3 

[0] на СНз 

Q + CHsMgBr — me ы 
H V | E " V A 
Mechanism: 

а ,, Mg&r 


:ó -cu 0 СН. Вов: сн; нб: б№ _, 
We à NM Pan AEN, "e “oO: MS “б> 
н" Н \ / H \ / 


19.32 Мое: Each reaction is an cxample of acetal formation and follows the same pattern: 1) 
protonation of the carbonyl oxygen; 2) nucleophilic addition of an alcohol oxygen; 3) 
removal of a proton from the oxygen now bearing the positive charge to give a 
hemiacetal intermediate. This is often accomplished with the solvent. In the problems 
where no solvent is given, a general base has been used for these solutions; 4) protonation 
of the hemiacetal OH converting it to water. a good leaving group; 5) loss of water to 
form a highly electrophilic oxonium ion; 6) nucleophilic addition of a second alcohol 
oxygen to the carbon adjacent to the oxonium ion; 7) deprotonation to yield the acetal 
product. 


= 
= 
I 
= 
= 
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H*, cai 
s oho == 


Mechanism: 


Basei-— + Y) 

* H Вазе—Н 
ун Бе тузы 
с" CEPR Le но: © HO: “O 

x d iz ha b 


| 


| 
un 
| 

| 

| 


‘Base 9. on но: 


о у] 
Mechanism: 
"Y == aR, = HO: р = HO: Lm ae 
NS kit Ун UM Bu e". OH Base<H~” OH 
ae Base: me "5 


^ 
| 
я 
| 
| 
P 
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нса OCH; 
Н*, cal 
—— 
CH30H 
Mechanism: 
сно 
ИН БОА ых 
"o HOCH; "ne 
НО: “OCH 
-— — =a zE 
„+ CH3 mH, 
"o HO HOCH; 
——- —— Aer hs ——— 
-— = HOCH: => 


19.33 Note: Each mechanism is the acid catalyzed hydrolysis of an acetal and follow the same 
steps. Fundamentally, acetal hydrolysis is the mechanism for acetal formation in reverse. 
The steps are: 1) Protonation of one of the acetal oxygens; 2) Loss of an alcohol molecule 
with simultaneous formation of an oxontum ton; 3) Nucleophilic addition of water to the 
carbon that is double bonded to the oxonium ion; 4) deprotonation of the oxygen with the 
positive charge to give a hemiacetal intermediate; 5) protonation of the ether oxygen of 
the hemiacetal. 6) Loss of a second alcohol molecule with simultaneous formation of a 
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carbon-oxygen double double bond: 7) deprotonation of the carbonyl oxygen to give the 


carbonyl. 
(a) 
к v a айы | ‚ 2CH;OH 
њо е ы 
Mechanism: 
m FK c 
xit к. „+ CH3 ондон» c "os, 


HaCQ: Осн» — НаСОРУОСНУ = I~ E нса: {ОН 
Өн: d 


A = д И Am њон == HCO: Он 
у. M. ^ снн ba 


(b) 


Pb pen CH, Н", cat " -= 0H 
= н.о © 20 
gd. ©» " “чон 


н 

Mechanism: » H e » p = 
Res od QS Он; oe | | 

H 7 
LIS Br а= <. o БУ н 
Oe “$ 
+0 CH; aT 
H29, 


2. 
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(с) 
i \ 9 
p TM 
. са OH 
Ө! н 7URo 7 к ж 2 
Mechanism: = 
OH, 
ШУ 
g 
— ©. он 
H 


19.34 Note: Each mechanism each mechanism involves the following steps for iminium ion 
formation: 1) Nucleophilic addition of the amine nitrogen to the carbonyl carbon to form 
a dipolar tetrahedral intermediate; 2) Proton transfer to yield a neutral carbonolamine; 3) 
Protonation of the OH group of the carbonolamine to convert it into a water, a good 
leaving group; 4) Loss of water through use of the lone pair of electrons on the nitrogen 
of the carbinolamine to form an iminium ion. At this point, the mechanism differs if the 
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amine is primary the iminium ion is deprotonated to yield and imine. If the amine is 
secondary, an alpha hydrogen is removed in an E2-like process to yield an conamine. 


(a) 
+ NH2OH ——— ahi de 


© М 


Mechanism: 


- ^^ * of ae ++ 
Обе — © “мён о H мн o laS 
:NH;OH 


JHE ce м... 
` OH И CT OH 
(b) 
H 
2: O (O 
Q + — N 
Mechanism: 
Ve 2 "sco 
i `o: `QH ` 
нон 91 инс, "9н: 
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(с) 
po 
H H 
Mechanism: 


d носон; 


" di OH 
f Ань Д oe ee as de ai 
== © нон, 70MM HQ. _NHGHs 
H H 


г CH 
H 
(d) 
© Hye P OH 
[^ DEOS 
Mechanism. 


n ( "cin 
НН 


= NH(CH3}> - ( AN - 
: pc " rf —— HO. N(CH3) 
C-———— -———— — 


НС... „СН 
“NO 


нњ CNHCHS 
H 
H20 
ин CH; 
H 


HxC. . „СНА 


N 
С, 
EN —— ДАЙ | 
2 ed 


19.35 Note: Each mechanism is an example of imine or enamine hydrolysis. The entire 
mechanism for each is the same with the exception of the first step. In problems (a) and 
(b) the first step is protonation of the imine nitrogen to give an iminium ion. In problems 
(c) and (d), the first step is protonation of the b-carbon. The remaining steps, which are 
identical for both mechanisms follow: 2) Nucleophilic addtion of water to the iminium 
carbon; 3) Deptotonation of the positively charged oxygen to form an intermediate 
carbinolamine; 4) Protonation of the carbinolamine nitrogen; 5) Expulsion of a neutral 
amine with simultaneous formation of a carbony; 6) Deprotonation of the carbonyl and 


protonation of the free amine. 
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(a) 


N © 
Z^ “он на + 
: Ie + — CHa4NH, CI 
НО 


Mechanism: 


< 
4) 
р 
| 
Š: 
А 
d 
| 
е 
К ДС?” 
| 
9 


T" БА Он 
О. О 
+ — 
CH3NH3 ——- H2NCH3 — N-7CH3 
зү HCI 3 _ 
NE VE VN * CH3NH; Cl 


N H;0 
ТБН: о 
Mechanism: | 
+ 
лү (c di " "UH OH; 
——» NA —> мих ен —— ' 
dii NS < HO м — WO H Os н H HO N-—H 
HQ Hs 7". "CH; CH; HC Hac 


ae . К i dd а Е yh 
О CH3NH3 куол 


CHgNH, M * нас 
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Mechanism: 
-à aa “H xx © 
+ , б 
Ом DR © dp. я EST 


о 
HCI CHa. + „СНз 
H20 + H c 
Mechanism: 
Сн CH CHa „СН ax n qu qu 
"^ uó м: HO: 


M N 
+ МУ ч + ™CH3 ТОНУ 
Tom — H20 -T——- ~_— 5 нн, 


7 СНз 
а) CH; POL CH T 
PNA 7, 4 Hir © 
A HN N 
о а \ а H 
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19.36 (a) 


OH Q 
ROA о Н*. cat CH. 
* A ———— * 2 CH3OH 
^ сн 
CH CH. 5 
OH * 4 О 
Mechanism: CH30H СН 
. CH t 
T ? Haci CHa 
H4CO —— н.с ES 
Quo E 1" сњ 
H H 


(b) 
сно OCH, " / X 
NU е " Po, a Ні са а + 2сн.он 


Mechanism: 


:бн . 5 


ӧн 
а А т "m såe HOCH, + 
HCO: Осн; —= —HQXONOCH == Oe € — n 
mns Ec HCO? о: 
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19.37 
нон н ОН нон 
Ho Ht но но 
HO — HO * HO 
HO- H CH40H HO -H HO OCH; 
H "oH H "oH H "oH 
H OH H OCH; H 
Mechanism: 

вон 


19.38 (а) 
© 
НәММН; EXT 
„> + N2 
KOH 
Mechanism: 
"aT = 
но: г) “= H но 
12 HO-ZH SN н WS m " C 


| 
| 
| 


$ 2016 Cengage Learning. All Rights Reserved. May по! be scanned, copied or duplicated. or posted to a publicly accessible website, in whole or in рагі. 


612 Chapter 19 


(b) 
“аш HaNNH» 
8 EN 


Mechanism: 


S 


NEC X 


N 


о 
HaNNH»; 
KOH 
Mechanism: 
s “NH 
HO: 
м" “Ы 
E 


№ 
Сон Lo. 
H N=N == 
^ J 
H 
H н 
N, 
H 
ae РА 
н N=N E 
: H o 
H H 


H мМ, 
o ET 
но 
НЕМ! 
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[е] о 
Mechanism: 
:0н 
ч 
N n -——— -— — NAR - — 
NWO Ot му i. e ON M 
^ \ :OH 
H H ех 
IN==Nr 
А. = а 
H H 
19.39 (а) 


(Ph),P:+ BrCH,OCH, — (РВ), PCH,OCH, Br- — (Ph), P-CHOCH, « LiBr 
(b) 


Steps 1,4: Protonation. 
Step 2: Addition of water. 
Steps 3,6: Deprotonation. 
Step 4: Loss of CH3OH. 
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19.40 
D 
| Aca “SCoA | 
Ld. : H20 
f a | H Й T 
С ДА) С — | —>» С G 
AA У обо | | 2. Aj] “с “всод 
TRO Шу Ho A 
HOI” н н ia HH 
С. е „С 
X ^6^ “бод 
H5O* | 
T H 


Step 1: Conjugate addition of water. 
Step 2: Proton shift. 


19.41 The same series of steps used to form an acetal is followed in this mechanism. 


г | UR СІ» X - 
"es gu UH = HO "SCH2CHs HO :SCH3CHs 


AL 
№ 


HSCH CH3 
l. 3. 


hemithioacetal 
Step 1: — Protonation. 
Step2: Addition of RSH. 
Step 3: Loss of proton. 


rape 
me и 
-*- .* ¥ \ һа " e + H 
НО: ISCH2CH3 . H207) SCH2CH, CHgCH,S < 20 


|. 2, 
hemithioacetal - 
"s i ERAT sa 
CH4CH58: :SOHSCH, CH4CH32S: SCHaCHg 
HA + = 
4. 


thioacetal 
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Step 1: Protonation. 
Step 2: Loss of water. 
Step3: Addition of RSH. 
Step 4: Loss of proton. 
19.42 Even though the product looks unusual, this reaction is made up of steps with which you 
are familiar. 


m р 
see | ++ E БА 
те :0: CH3—S(CH3)o | :O— CH3 
к CICHSSICH3lo 6 Ur : \ 
+ 


=” ;— +:5(СНз)> 
LS 


ls 


Step 1: Addition of ylide. 
Step2: Sn2 displacement of dimethyl sulfide by О 


19.43 n 
un^ one 
pbi О: О 
А) он CE m 
--С — --С — С + ICN 
HaC^ “см | НС 4 ON 2 нс” ^CH4 
HaC HC y 


Step 1: Оергоїопайоп by OH. 
Step 2: Elimination of “CN. 


This sequence is the reverse of the mechanism shown in Section 19.6, 


"SION | 20: см но, CN 
| Н5О 
< | — + НО 
= ‘= 


Step 3: Nucleophilic addition of cyanide 
Step 4: Protonation of tetrahedral intermediate. 


This step is a nucleophilic addition of cyanide. 
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19.44 
»H—A | А-В 
4 TAG .. il | 
О:— :Он H :OH Н о | 
| — | ЫТ y j IPS | P 
ue | Ee " pub so 
Нс” ^H \ -— H3077 Соя "cH 
I^ 
Г /:А CH 
кы АЗ | ( H CHa н. нз 
исх: H.-G... om st 
о 0 DO. 0: OH (LO 
|. d e c. os == | 
H ~ Ch он Ch H = бнз 


Pavalcehsde 


Step 1: Protonation makes the carbonyl carbon more electrophilic. 


Steps 2,3,4: Three successive additions of the carbonyl oxygen of acetaldehyde to 
the electrophilic carbonyl carbon, followed by loss of a proton (Step 5), 
give the cyclic product. 


19.45 


Step 1: — Aluminum, a Lewis acid, complexes with the carbonyl oxygen. 


Step 2: Complexation with aluminum makes the carbonyl group more electrophilic 
and facilitates hydride transfer from isopropoxide. 


Step 3: — Treatment of the reaction mixture with aqueous acid cleaves the aluminum— 
oxygen bond and produccs cyclohexanol. 


Both the Meerwein-Ponndorf-Verley reaction and the Cannizzaro reaction are hydride 
transfers in which a carbonyl group 15 reduced by an alkoxide group, which is oxidized. 
Note that cach aluminum triisopropoxide molecule is capable of reducing three ketone 
molecules. 
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19.46 (a) Nucleophilic addition of one nitrogen of hydrazine to one of the carbonyl groups, 
followed by elimination of water, produces a hydrazone. 
ГАНА г aks ` 
QT CO жо s 
ED г, It: C. С =— Су „С 
нс” ^G^ “ену т. с” 6 NOH у ње” “с” ХОН 
n ) H-N — NH 
HH HH o, HH "2 2 
HəN— NH | А 
но + HoN НА ae KA TAN 
а 5 OH ‘OH 
fo fe Se ho 
POO Sp м. ә NT NR „б. LN ATUM „б<. 
HaC С Cha 5 НЗС С P CH3 4. HC р \ CH 
HH HH 392 Hu OANA 
H H 7 
А di 
О 
c | НА 
„© + 
нс“ “С” “сн; 
и ? hydrazone 
(b) Ina similar manner, the other nitrogen of hydrazine can add to the other carbonyl 
group of 2,4-pentanedione to form the pyrazole. 
H—A ыз 
АСА МНО МН нн А 
| S a Г К” с 
s (HON №: : 
Tog МТ) н meal р 
С == С С == | 
С^ 67 “сну | нас“ Ow" b 2: od `67 “сн; 
HH HH H 
н О + H H Y | 3 
Be \ ALH% Н 
(№ \ AN—N } 
\ бщ 
foy do. \ о \ 
ББТ ЖЕ О у мае GH. Т, LN 
3 orf A 35 H4C A 3 4 Hg R CHa 
‘i H HH HH 
AU H 
б, \ 
IN—N: 
/ \ + НА 3,5-Dimethylpyrazole 
ME o 
ios ' diis. i 
H 
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The driving force behind this reaction is the formation of an aromatic ring. The 
reactions in both parts of this problem are nucleophilic addition of a primary amine 
(Step 2). followed by elimination of water to yield an imine or enamine (Step 5). 
АП of the other steps are protonations (Steps 1,4) and deprotonations (Steps 3,6). 


19.47 The same sequence of steps used in the previous problem leads to the formation of 3,5- 
dimethylisoxazole when hydroxylamine is the reagent. Loss of a proton in the last step of 
(b) results in a ring that is aromatic. 


(а) » 
í X = = 
/ нА | Ob 
о :Or он OH 
|| 1 7 "|l ђ 
x Gy ЧМ Рега —-— Á—— FEEN LT CN 
НС n CH3 Е. HC R СН 2. HC g \ Chg 
HH | HH / нн PaN ОН 
HN OH | -Ht 
H о + D ү “oN 
29 * НО, н=—:А rat RENS 
т ye х? cap 
‚С == С С = С С 
Hac” “с” “сна s. Hg ^G Хон 4. нс“ “С” Ҳон; 
/\ ^ Семон А HN—OH 
HH HH") HH | 
| E 
T 
HO, 
Я n + НА 
H3C с CHa 


HH oxime 
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(b) l LL е _ 
н HO ` + 
Y мо: См (но: №: du 
НА H | M A 
„С VL eS pes Сх — rey vey 
HC $ СНз | H3C K CH3 ? H3C K CH3 
HH HH HH 
|| Р 
- Ht 
^ 
" Son Uw 
р Жаш " -s а Or — М! 
S ME TEE Ber A 
Нас” “с” “СНз 5 ^J g^ cu 4, H c^ ^ g^ cu 
d Coi 3 нс A dba x А Е 
- CADO НН HH HH - 
т 
:0—м: 
] M + HA 35 Dimethylisoxazole 
C C 
H^ “с “ону 
H 
19.48 
dm бе 
О. В В' H H 
/ н-* / rotate H` a" \ / 
uz C - в С—С-. a с=с: ——- С=С 
С: І Г a R 180° JE ds d$. 2 \ 
5. (Ph)4P H 2. (РЫР 7:0: в, R 
(Ph)sP: у 
ü (PhjgP =O 


Step 1: Addition of the phosphine nucleophile. 

Step 2: Rotation of C-C bond. 

Step 3: Elimination of triphenylphosphine oxide. 

The final step is the same as the last step in a Wittig reaction. The same series of steps 
converts a trans alkene to a cis alkene. 


19.49 


—H + он — 20-—0н + H20: 


HO—O 
ee ..\, 


Hydrogen peroxide and hydroxide react to form water and hydroperoxide anion. 
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Chapter 19 


T Qu оту. | — + он 
NN АЛ ..A. d Гу i 2. 
S 3D-OH GRA < „0-0 9 


, 
ВО 


Conjugate addition of hvdroperoxide anion (Step 1) is followed by elimination of 
hydroxide ion, with formation of the epoxide ring (Step 2). 


Naot Н y `i Base NADH 
4 Е 
НН + (* NH» 
VON : ES 
» = oxidation of ~ м = 
Den СО? the amine Бу 926 _. | со; 
Glutamate NAD+ H50:---— imine 


addition of 
water to form a 


tetrahedral 
intermediate "МН? 
e 
proton shift 706 СО» 
+ 
но 
loss 01 | 
ammonia oy га 
YUH : Base 
Нем о 
n HR 
-0.с Lie di CO; deprotonation “OC “COs 
+ NH, a-Keloglutarate 
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19.51 
CH4O vs 
+ CH30. 20 iy 3 N 29 
CH4NH5 C CH3NH se С Къала 
I 
НС 2. юс 
Ca mia pore 
сно“ `0: сно“ о 
n 
! 5 3 | 
+ М— „© | Р HC. + үг | 
ME i нв" 
сно“ Зо | CHO ^ Зо сно“ So 


In this series of reactions, conjugate addition of an amine to an a,f-unsaturated ester 
(Step 1) is followed by nucleophilic addition of the amine to a second ester (Step 3), with 
loss of methanol (Step 5). The other two steps are proton transfers. 


19.52 Some hydrogens have been omitted to make the drawing less cluttered. 


СНОН CH5OH 


In this series of equilibrium steps, the hemiacetal ring of a-glucose opens to yield the free 
aldehyde. Bond rotation is followed by formation of the cyclic hemiacetal of -glucose. 
The reaction is catalyzed by both acid and base. 
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19.53 The first step of this reaction is the familiar nucleophilic addition to form a 
carbinolamine, which loses water to form an imine. This mechanism has been illustrated 
many times in Chapter 19. The remaining steps are deprotonations and protonations, plus 
loss of N», that lead to formation of the allylic alcohol. 


CH3 
HoNNH 
2NNH5 
О 
О 
СНа 
—— 
OH +A 
Additional Problems 


Naming Aldehydes and Ketones 


19.54 
(а) 9 
CH4CCH5Br 


Dromoaceione 


(25,3R)-2.3.4-Tri- 
hydroxybutanal 


(b) 


(е) 


quo 
S 
нон 
НзС 
($)-2-Hydrox ypropanal 


(CH3J4CCC(CH3)a 


22,44 A-Tetrametliyl- 
3-pentanone 


(c} о 
CH4CH5CH2CH5CCHICHglo 


2-Methy]-3-heptanone 


@ qs f 
снас=снСсн; 


4-Мешу1-3-решеп-2-опе 
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HaC 
Butanediat 
3-Phenyl-2-propenal 
6.6-Dimethy]-2 4- 
€yclohexadienone 


(i) Pa 
ON С 
p-Nitroacetophenone 


19.55 Only 2-methylbutanal is chiral. 


CH3 CH3 
CH3CH>CH3CHoCHO CH3CHpCHCHO CH3CHCH»CHO (CH3)gCCHO 
Pentanal 2-Methylbutana! 3-Methylbutanal — 2.2-Dimethylpropanal 
li il 
CH4CH5CHoCCH4 CH3CH2CCH5CH3 CH;CHCOH; 
CHa 
2-Pentanone 3-Pentanone 3-Methyl-2-butanone 
19.56 
(a) (b) Ps (c) ү 
H=C “OH 
CHOH 
CH; 
3-Methyl-3-vyelo- (R-2,3-Dihydrox ypropanal 5-Isopropyl-2-methyl- 
hexenone (D-Glyceraldehyde) 2-cyclohexenone 
(d) m (e) we oc (f) ен 
СнаснсонгОна CH3CHCH2CH 
СНз OHC 
2-Methy]-3-pentanone 3-Hydrox ybutanal p-Benzenedicarbaldehyde 
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19.57 (a) The o,B-unsaturated ketone CcHsO contains one ring. Possible structures include: 


О 1 О О О 

а ee p 
СНз HC 

Cyclobutenones and cyclopropenones are also possible. 


(b) 


t 


| 
CH4C—CCH4 ава many other structures. 


(c) 
Q О Q 
Ш | 0 t 
HaC С С С 
` Chg d | `сн; (7 | ^ CH3 ~ CH3CHa 
S we 
CH3 HaC 
(d) 
CHO 
g and many other structures. 
Reactions of Aldehydes and Ketones 
19.58 Reactions of phenylacetaldehyde: 
(a) CH5CH5OH (b) 0 (с) кк 
CH»COH | 
СТ CHCH 
(d) үн (е) Үй, (f) CHaCHa 
CHaCHCHs er 
СТ хы? 
(g) CHCH = CHa (h) ор 
22 CH,CHCN 
VD 
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Reactions of acetophenone: 


(a) H ОН — (b) noreaction (c) "S OH 
C il 
e CH3 С R 
CH3 


19.59 Remember: 


+ 


alkyl halide Triphenyl phosphonium зай 
phosphine 
+ + - 
(CgHs)3PCHoR X + CH3CH2CH2CH27 Li* —*- (CgHg)4P —CHR 
phosphonium salt Butyllithium ylide 
+ = J e / 
(CgHg,P —CHR + O=C —- С=с 
\ Jv 
vlide aldehyde alkene 
or ketone 
Álkyl halide Aldehyde/ketone Product 


(a) 


Q 
(b) ey" i oro 
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19.60 Remember from Chapter 17: 
Primary alcohols are formed from formaldehyde + Grignard reagent. Secondary alcohols 
are formed from an aldehyde + Grignard reagent. Tertiary alcohols are formed from a 
ketone (or an ester) + Grignard reagent. 
Aldehyde/Ketone Grignard reagent Product (after acidic workup) 


(a) 0 
CH3CH CH3CHsCH2MgBr ОН 
О er CH3CH4CH;CHCH; 
Aldehyde/Ketone Grignard reagent Product (after acidic workup) 
OH 
C 
(e) 9 Ce Hs MgBr Cet, 
(d) CHO CgHMgBr н Он 
C 
T 
OF 
" 2 CgHgMgBr < 
H—C —OR 


19.61 In general, ketones are less reactive than aldehydes for both steric (excess crowding) and 
electronic reasons. If the keto aldehyde in this problem were reduced witb one equivalent 
of МаВНа, the aldehyde functional group would be reduced in preference to the ketone. 


For the same reason, reaction of the keto aldehyde with one equivalent of ethylene glycol 
selectively forms the acetal of the aldehyde functional group. The ketone can then be 
reduced with МаВН4 and the acetal protecting group can be removed. 


|| 1.1 едим NaBH, 
СНаССНоСНьсньсно ——— —.——— »- 
2, НЗО 


О буза: 
HOCH CHOH [ / СН? 
снзСОн;сн;СноСН | 


acid catalyst 


|] 
CH4CCH5CHSCH3CH50H 


1. NaBH, 
2. НО" 


OH 
CH4CHC Н2СН2С H5CHO 
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19.62 
(a) О 
— 
—^ 
KO 
o 0 
1. Li(CgHg)aCu 
——M—MJ 
2. H,0* 
GgHs 
1. L(HoC-CH)aCu KMnO, 
——— = 
2. H4O H30 
CH =СН2 COH 
(d) О О 
2. H40* кон 
CH3 CH3 
ОР 
О CHp CH3 
+ ke: 
| (СБНЭзР — CHa Ho 
| — —————— 
Pd/C 
19.63 
(а) 


z CHO CHOH CHBr 
| 1. NaBH4 PBra 
SM 2 . H40* 


| Mg. ether 


сносно CH2CH2OH CH MgBr 
Pertodinane 1. СНО 
залаад "l 


The product resembles the starting material in having an aldehyde group, but a — 
CH2- group lies between the aldehyde and the aromatic ring. The product aldehyde 
results from oxidation of an alcohol that is the product of a Grignard reaction 
between formaldehyde and benzylmagnesium bromide. The Grignard reagent is 
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formed from benzyl bromide, which results from treatment of benzyl alcohol with 
РВтз. Reduction of benzaldehyde yields the alcohol. 


An alternate route: 


i 
Cas 
cy" (Phi —CH _ —CH; CHp 
+. BH4, THF 
2. Н>О2, OH 
CH5CHO CHa5CH2OH 
Zu 
Periodinanc. | 
TOO, — X 


In this scheme, the intermediate alcohol results from hydroboration of a double 
bond that is introduced by a Wittig reaction between benzaldehyde and 
methylenetriphenylphosphorane. 


(b) 


i 


1. СНаМаВг “сна со 
елау, о 
2.H,0° 
P p 
CY н њо’ Ca 


CHO 


De AN CH» 


When you see a secondary amine and a double bond, you should recognize an 
enamine. The enamine 1$ formed from the amine and acetopbenone. Acctophenone, 
in turn, results from reaction of benzaldehyde with methylmagnesium bromide, 
followed by oxidation. 


+ 


сез CH —P(Ph)s ie 
(Ph) AAPM gh Cyclopentanone 
2. 2. Buli Li 


from (a) 
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The trisubstituted double bond suggests a Wittig reaction. Reaction of 
cyclopentanone with the Wittig reagent formed from benzyl bromide (formed from 
benzaldehyde in (a)) yields the desired product. 


19.64 
(a) о (b) ч. ОН (с) 
P 
NHCH3 
| 
(4) O (e) 9 (f no reaction 
(р) н. „СНз HaC. „Н (h) і \ 
C C о О 
Ue! | 
19.65 
(a) 
о HO СНА CH3 


1, CH3MgBr H40* 
* 
2. H40 


I-Methyleyctohexene 
The methyl group is introduced by a Grignard reaction with methylmagnesium 


bromide. Dehydration of the resulting tertiary alcohol produces 1- 
methylcyclohexene. 
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(b) 
О HO Сн» CeHs 


1. CgHsMgBr Ha3O* "o A ВН 0 on 
2.H40* 2. H203, 2. Hy05, OH 


and enantiomer 


2-Phenylcyclobexanone 


Reaction with phenylmagnesium bromide vields a tertiary alcohol that can be 
dehydrated. The resulting double bond can be treated with ВН; to give an alcohol 
that can be oxidized to produce the desired ketone. 


о 
14 1. МаВнд _ POC! _ 1. 1. 0504 _ --H 
2. 2.H,0° pyridine 2. 2. NaHSOs. 
i 


cis-1.2-Cyclohexanediol 
Reduction, dehydration and hydroxylation yteld the pire product. 


HO 
1. 3 PB _ 1. Cyclohexanone 
Je 
2, Mg, ether Mg, ether 2. H3O* 


from (c) L-Cyctohexylevclohexanol 


(d) 


A Grignard reaction forms 1-cyclohexylcyclohexanol. 
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Spectroscopy 


19.66 Use Table 19.2 if you need help. Only carbonyl absorptions are noted. 


Absorption: Due to: 
(а) 1750 cm”! 5-membered ring ketone 
1685 сп! A,f-unsaturated ketone 
(b) 1720 em”! 5-membered ring and aromaiic ketone 
(c) 1750 em ! 5-membercd ring ketone 


(d) 1705 стг’, 2720 cm !,— aromatic aldehyde 
2820 сп! 1715 ст! aliphatic ketone 


Compounds in parts (b)-(d) also show aromatic ring IR absorptions in the range 
1450 cm !-1600 cm”! and in the range 690—900 ст !. 


19.67 
O 


or 
OH 
Cg Hs 


А-у drosy-3-phenyl- 
cyclohexanone 


CgHs CeHs 
B 


Compound А is a cyclic, nonconjugated enone whose carbonyl infrared absorption 


should occur at 1715 enr !. Compound B is an a, f-unsaturated, cyclic ketone; additional 


conjugation with the phenyl ring should lower its IR absorption below 1685 cm". 
Because the actual IR absorption occurs at 1670 сит !, B is the correct structure. 


19.68 undecylenic aldchyde 


19.69 (a) IR shows that the unknown is a ketone, and "C NMR indicates that the carbonyl 


group is flanked by a secondary carbon and a tertiary carbon. 


(b) The unknown is an aldehyde and contains an isopropy! group. 


(c) The JR absorption shows that this compound is an a,f-unsaturated ketone, and the 


molecular formula shows 3 degrees of unsaturation. The ЗС NMR spectrum 
indicates 3 sp*-hybridized carbons and 3 secondary carbons. 


(a) 0 (b) (CHa)>CHCH>CHO (с) 9 
(CH3)9CHCCH2CH3 
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19.70 Compound A has 4 degrees of unsaturation and is a five-membered ring ketone. The °C 
NMR spectrum has only threc peaks and indicates that A is very symmetrical. 


о 20052 О Compound A 


19,71 As always, calculate the degree of unsaturation first, then use the available IR data to 
assign the principal functional groups. 


(а) а E b (b) а С 0 b 
безне (CHa)gCCHsCCHs 
Cl 
a= 1624 a= 1024 
b= 23358 b= 2.120 
= 4.32% c= 23308 


General Problems 


19.72 4-Hydroxybutanal forms a cyclic hemiacetal when the hydroxyl oxygen adds to the 


aldehyde group. 
x С. H20: E 
> — .. e А 
Мр 3 ES BG NT yt. x нс—9 
нс мо | | 10H) нс 0 | \ он 
| = S Hu ЗОН HOS „6. 
Нс. „С І нс. х м 2 НС. „С. i, i 
Л Á Д : HH +H30 
HH HH FH hemiacetal 


Step 1: — Protonation. 

Step2: Addition of -OH. 

Step 3: Loss of proton. 

Methanol reacts with the cyclic hemiacetal to form 2-methoxytetrahydrofuran. 
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EE 
EE | ps 
Ho О f H—A | Hot —O H.C — Q^ * но | 
ВО 4 1 eat КА 1 
/ \ on М / 2 / | 
HaC. 7 Su mes А == Hac. „Сн | 
А I. д H 2 A | 
"н HH HH HOCH, 
J 
|=. 
нс —O H4C— 0: ] 
/ \ -H => / \ _H i 
jV OCHg А x OCH, 
HH HH It | 
spr wells ЫЕ we А 
a cyclic acctal нб: 


Stepl: Protonation. 

Step2: Loss of water. 

Step 3: — Addition of methanol. 
Step 4: — Loss of proton. 


2-Methoxytetrahydrofuran is a cyclic acetal. The hydroxyl oxygen of 4-hydroxybutanal 
reacts with the aldehyde to form the cyclic ether linkage. 


19.73 
HQ: + | 
ыы н T 
Mec Bry. (x r fue. rB | / Ё 
HO: “СВ. m; НОТ | 0-G + Br + HO 
CgHs ser Ces CeHs 
$х2 substitution of hydroxide ion on CaHaCHBra yields an unstable bromoalcohol 
intermediate, which loses Вг to give benzaldehyde. 
19.74 
E "oe m 
H3C--c— | 5 -. 
oe te CH3CH> CH4CH; 


| „зе | HaC 
| С | че — С 


| | i А 
=: |. CN Jo. CN 
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Attack can occur with equal probability on either side of the planar carbonyl group to 
yield a racemic product mixture that is optically inactive. 


19.75 
SH 
H 
(PLP) HA + (PLP) i PLP) 
= 
R'O ion S$ CO; 2 8 CO; 
HH H 
77NH3* 
cos 


Step 1: Elimination to form the unsaturated imine. 
Step 2: Conjugate addition of cysteine to the imine. 


19.76 (a) Grignard addition to a conjugated ketone yields the 1,2 product, not the 1,4 product. 
АНА reduces a ketone to an alcohol. The correct scheme: 


1. Li( 1. Li(CH3)2Cu _ 2Cu T. 
2, Suet 


(b) Oxidation of an alcohol with acidic CrOs converts primary alcohols to carboxylic 
acids, not to aldehydes. The correct scheme: 


C,H,CH = CHCH,OH — eetere C H.CH =СНСНО—©#9# C. H.CH = CHCH(OCH, ), 


CHCl, 


(c) Treatment of a cyanohydrin with H3O* produces a carboxylic acid, not an amine. 
The correct scheme: 


О OH OH 
Il HCN ] 1. НАНА | 
CH4CCH4 ——- сть но“ онен 
“2 
CN Снн 
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19,77 
nar rie 
f 
[ носн,сн,он О, о 9 
CH3CCH2CH2COCH3 6 CHaCCHSCH;CO0CHs 
1. НАНА 
2. H30* 
1. DIBAH 
Hot — бн 2. H30* HC — cns 
{ { 
о о eriotin: Q 
`Z Periodinane ее: 
CH4CCHS4CH5CHO | -————— CH4CCHaCHaCH3CH 
Сн; 
| (СвНызР —С(ОНз)» 
Hae Ce 
і 
O О 


| 
M / H + — 
CH3CÉH,CH4CH-—C(CHg 120. CHgCCH»CH2CH =CICHg)p 
6-Methyl-5-hepten-2-one 


635 


The reaction sequence involves protecting the ketone, converting the ester to an aldehyde, 


using a Wittig reaction to introduce a substituted double bond, and deprotecting the 
ketone. 


19.78 


CH4CH;CCI 


Q 
1. LiAIH Sh 
/ 2.H40* N | 
ACE s снснусн» 


MgBr 
N 1: Brg, FeBrg арно | -Phenyi-1-propanol 
3. Mg. ether 2. НЗО 
үн er и 
CHCH5CH3 CHCH5CHs CHCH5CH4 
РВгз Ма, е!һгг 
————— ——————— 
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masr \ р = 


D 


CHCHSCH 
2CH3 И онуснз 
2 2 H,0° HO— "m с н 
(СНЗ)>мМСН>СН20 (CHa4j9NCH5CH50 
" СН>СНз 


(СНз)МСНСН?0 . Tamoxifen 


When you see a product that contains a double bond, and you also know that one of the 
starting materials is a ketone, it 13 tempting to use a Wittig reaction for synthesis. In this 
case, however, the tetrasubstituted double bond can't be formed by a Wittig reaction 
becausc of steric hindrance. The coupling step is achieved by a Grignard reaction 
between the illustrated ketone and a Grignard reagent, followed by dchydration. The 
Grignard reagent is synthesized from 1-phenyl-1-propanol. which can be prepared from 
benzenc by either of two routes. 


19.79 The molecular weight of Compound A shows that the molecular formula of A is CsHicO 
(one degree of unsaturation), and the IR absorption shows that A is an aldehyde. The 
uncomplicated ЇН NMR is that of 2,2-dimethylpropanal. 


f 
(CH44CCH “— 97» 


1.2 а Compound А 


19.80 Thc IR of Compound В shows a ketone absorption. The splitting pattern of the 'H NMR 
spectrum indicates an isopropyl group and indicates that the compound is a methyl 
ketone. Р 

24 N о 
ка нш —2.]^ 


CH3 


! 


12a Compound B 
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637 


19.81 Before looking at the 'H NMR spectrum, we know that the compound of formula CoH nO 
has 5 degrees of unsaturation, and we know from the IR spectrum that the unknown is an 


aromatic ketone. The splitting pattern in the 'H NMR spectrum shows an ethyl group 


next to a ketone, according to chemical shift values. 


О 
d 
G 

^ CH5CHs 


19.82 The IR absorption is that of an aldehyde that isn't conjugated with the aromatic ring. The 


two triplets in the ЇН ММК spectrum are due to two adjacent methylene groups. 


(27 
| 
Ху. 
19.83 
(а) Өзен а= 144% 
bz 4.08 4 
| са = 6.98 à, 
4 е = 9878 
b а 
OCH,CH, 
19.84 


i 
CH5CHSCH 


x 
CH 
a? 


= 1.86% 


6.00 о. 6.31 ә 
= 957» 


(а) " (b) 9 
CH5CCHoCH3 (СНзО)>СНСН»ССНь 
c b a с d b a 


LM Я 


M а= 101% 
b- 2476 
c= 3.665 
d= 728% 
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2.18 ò 
2.744 
3.37 ò 
4.79 8 
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19.85 The frec aldehyde form of glucose (Problem 19.73) is reduced in the same manner 
described in the text for other aldehydes to produce the polyalcohol sorbitol. 


H 
т Я ae 
HO ne: | H3O* | 
— | 
он | А HO OH OH 
H нїн 
Glucose Sorbitol 


19.86 (a) The lettering here is large case and not in parenthesis but not in other places. The 
author should be consistent. 4-Нерќапопе 


О 


PLE NUS 


(b) The lettering here is large case and not in parenthesis but not in other places. The 
author should be consistent.2,4-Dimethy]-3-pentanone 


О 


(c) The lettering here is large case and not in parenthesis but not in other places. The 
author should be consistent.4,4-Dimethyl-2-pentanone 


К 


19,87 4-Methoxyphenylacetone 
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Chapter 20 — Carboxylic Acids and Nitriles 


Chapter Outline 


І. General information about carboxylic acids and nitriles (Sections 20.1-20.4). 
A. Naming carboxylic acids (Section 20.1). 


1. Noncyclic carboxylic acids arc named by replacing the -e of the corresponding alkane 
by -vic acid. The -CO2H carbon is numbered СІ. 
2. Compounds that have a carboxylic acid bonded to a ring are named by using the 
suffix -carboxylic acid. The -CO2H carbon is bonded to СТ. 
3. Many carboxylic acids have historical, nonsystematic names. 
B. Naming nitriles, 
1. Simple nitriles arc named by adding -nitrile to the alkane name. 
a. The nitrile carbon is C1. 
2. More complex nitriles are named as derivatives of carboxylic acids by replacing —oic 
acid by -onitrile or by replacing -carboxylic acid by -carbonitrile. 
a. The nitrile carbon is bonded to СІ. 
C. Structure and properties oí carboxylic acids (Section 20.2). 
1. The carbonyl group of carboxylic acids is sp?-hybridized and planar. 
2. Carboxylic acids are strongly associated because of hydrogen bonding, and their 
boiling points are elevated. 
D. Carboxylic acid acidity (Sections 20.2—20.4). 
1. Dissociation of carboxylic acids (Section 20.2). 
a. Carboxylic acids react with bases to form salts that are water-soluble. 
b. Carboxylic acids dissociate slightly in dilute aqueous solution to give H3O* and 
carboxylate anions. 
i. The Ka values for carboxylic acids are near 10 $, making them weaker than 
mineral acids but stronger than alcohols. 


C. The relative strength of carboxylic acids is due to resonance stabilization of the 
carboxylate anion. 
i Both carbon-oxygen bonds of carboxylate anions are the same length. 
ii. The bond length is intermediate betwecn single and double bonds. 
2. Biological acids: the Henderson-Hasselbalch equation (Section 20.3). 

a. The pH of biological fluids (7.3) determines the ratio of dissociated (A^) to 

nondissociated (HA) forms of carboxylic acids. 

b. This ratio can be calculated by using the Henderson-Hasselbalch equation. 
[A] 
[HA] 

€. At physiological pH, carboxylic acids are almost completely dissociated. 
3. Substituent cffects on acidity (Section 20.4). 

a. Carboxylic acids differ in acid strength. 

i. Electron-withdrawing groups stabilize carboxylate anions and increase 
acidity. 
ii. Electron-donating groups decrease acidity. 


log =pH =K, 
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b. These inductive effects decrease with increasing distance from the carboxyl 


group. 


c. Substituent effects in substituted benzoic acids. 


i. Groups that are deactivating in electrophilic aromatic substitution reactions 
increase thc acidity of substituted benzoic acids. 


ii. The acidity of benzoic acids can be used to predict electrophilic reactivity. 


П. Carboxylic acids (Sections 20.5-20.6). 
А. Preparation of carboxylic acids (Section 20.5). 


Methods already studied. 
a. Oxidation of substituted alkylbenzenes. 
b. Oxidation of primary aicohols and aldehydes. 


Nitrile hydrolysis. 
a. Nitriles can be hydrolyzed by strong aqueous acids or bases to yield carboxylic 
acids. 


b. The sequence nitrile formation — nitrile hydrolysis can be used to prepare a 
carboxylic acid from a halide. 

с. This method is generally limited to compounds that can undergo Sn2 reactions. 

Carboxylation of Grignard reagents. 

a. A Grignard reagent can be treated with CO» and protonated to form a carboxylic 
acid. 

b. This method is limited to compounds that don't have other functional groups that 
interfere with Grignard reagent formation. 


B. Reactions of carboxylic acids (Section 20.6). 


1. 
2. 


Carboxylic acids can undergo some reactions typical of alcohols and ketones. 
Other types of reactions of carboxylic acids: 

a. Alpha substitution. 

b. Deprotonation. 

c. Nucleophilic acyl substitution. 

d. Reduction. 


III. Chemistry of nitriles (Section 20.7). 
A. Preparation of nitriles. 


1. 
ps 


Nitriles can be prepared by Sx2 reaction of "CN with a primary alkyl halide, 
They can also be prepared by SOCl: dehydration of primary amides. 


B. Reactions of nitriles. 


l. 
2: 


[2%] 


Nitriles can react with nucleophiles via sp^-hybridized imine intermediates. 
Aqucous base hydrolyzes nitriles to carboxylates, plus an aminc/ammonia. 


a. The reaction involves formation of a hydroxy imine that isomerizes to an amide, 
which is further hydrolyzed to the carboxylate. 


b. Milder conditions allow isolation of the amide. 

Nitriles can also be hydrolyzed to carboxylic acids under acidic conditions. 
LiAlHa reduces nitriles to primary amines. 

Reaction of a nitrile with Grignard reagents yields a ketone. 
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IV. Spectroscopy of carboxylic acids and nitriles (Section 20.8). 
A. Infrared spectroscopy. 
1. The О-Н absorption occurs at 2500-3300 cm that is broad and easy to identify. 
2. The C=O absorption occurs at 1710-1760 ст”. 
a. The position of this absorption depends on whether the acid is free (1760 стг!) or 
associated (1710 ст !). 
3. Nitriles have an intense absorption at 2250 cm ! that readily identifies them. 
B. NMR spectroscopy. 
1. PCNMR spectroscopy. 
a. Carboxylic acids absorb between 165-185 8. 
b. Saturated acids absorb downfield from a,f-unsaturated acids. 
c. Nitrile carbons absorb in the range 115—130 ô. 
2. 'H NMR spectroscopy. 
a. The carboxylic acid proton absorbs as a singict at around 12 ô. 
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20.1 


20.2 


20.3 


Chapter 20 


Solutions to Problems 


Carboxylic acids are named by replacing -e of the corresponding alkane with -oic acid. 
The carboxylic acid carbon is СТ. 


When-CO2H is a substituent of a ring, the suffix -carboxylic acid is used; the carboxy] 
carbon is not numbered in this system. 


(a) Сз 0 (b) ig j (©) Tom 
CH4CHCH5COH CH3CHCH2CH»COH CH4CH5CHCH5CH5CH 
3-Methylbutanoic acid 4-Bromopentanoic acid 2-Ethylpentanoic acid 


@ ^ P (e) ica d ям = 
poe. 0 CHgCHCHsCHCH, АУ 
нос COH 


Age шаа кыы 2 A-Dimethylpentanenitrile 


IT 8-13, 3-Cyclopentane- 
7)-A-Hexenoic acid uibs dd 
2 dicarboxyhe acid 


(a) hs (b) fh 

CH3CH2CH2CHCHCO2H CH4CHCHSCH5COSH 

CH3 

2.3-Dimethylhexanoie acid 4-Methylpentanoic acid 

(с) НОС. H (d) СОН 
H EE сон 
OH 
trany- 1 2-Cyclobutanedicarbox ylic acid 0o-Hydroxybenzoie acid 


OU E ED ы M 


(97.127)-9,12-Octadecadienoic acid 


(f CH,CH,CH=CHCN 
2-Pentenenitrile 


Naphthalene is insoluble in water and benzoic acid is only slightly soluble. The зай of 
benzoic acid is very soluble in water, however, and we can take advantage of this 
solubility in separating naphthalene from benzoic acid. 


Dissolve the mixture in an organic solvent, and extract with a dilute aqueous solution of 
sodium hydroxide or sodium bicarbonate, which will neutralize benzoic acid. 
Naphthalene remains in the organic layer, and all the benzoic acid, now converted to the 
benzoate salt, is in the aqueous layer. To recover benzoic acid, remove the aqueous layer, 
acidify it with dilute mineral acid, and extract with an organic solvent. 
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204 
CL,CHCO,H + H,O = CL,CHCO:;H,O* 
[ C1,CHCO; |[H,0*] 


a - =3.32х10° 
[CL,CHCO,H] 
Initial molarity Molarity after dissociation 
CbCHCO?H 0.10 M 0.10M- y 
CbCHCO? 0 y 
H3O* 0 y 
(= 332x107 
^. 0.10-у 
Using the quadratic formula to solve for y, we find that y = 0.0434 M 
Percent dissociation = лм х100% = 43.4% 
0.1000 M 


20.5 Use the Henderson-Hasselbalch equation to calculate the ratio. 


[ j = — = — = 
log [HA] = pH- pK, =4.50-3.83 = 0.67 
[A] ] — 1 m . маш! omm 
НА antilog (0.67) = 4.68:[A |= 4.68 [HA] 


[HA]-[A ] 210096 
[НА ]-- 4.68 [НА] = 5.68 [НА] = 100% 
[НА] = 100% + 5.68 =18% 
[A ]=100% —18% = 82% 
82% of 0.0010 M glycolic acid is dissociated at pH = 4.50 
(b) 
[A] 
[HA] 
[A] 
[HA] 
[HA]+[A7]=100% 
[НА] +2.69 [НА] = 3.69 [НА] = 100% 
[HA] =100% + 3.69 = 27% 
[A ] =100% — 27% = 73% 
73% of 0.0020 M propanoic acid is dissociated at pH = 5.30. 


log = pH— pK, = 5.30—4.87 = 0.43 


= antilog (0.43) = 2.69:[A^] = 2.69 [HA] 
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20.6 


20.7 


20.8 


20.9 
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You would expect lactic acid to be a stronger acid because the electron-withdrawing 
inductive effect of the hydroxyl group can stabilize the lactate anion. 


HO О HO О HO 
N и | \ / 7 
© С, + HQ = но ye d S 
о OH О О Q Q^ 


The рка of oxalic acid is lower than that of a monocarboxylic acid because the 
carboxylate anion is stabilized both by resonance and by the electron-withdrawing 
inductive effect of the nearby second carboxylic acid group. 


HO Oo e О 
\ f \ / № / 
C—C +  Hà3O Ра H3O* * С—С =—— C—C 
и NI / M / M 
О О О о О О 


The p& of oxalic acid is higher than рКа! because ап electrostatic repulsion between the 
two adjacent negative charges destabilizes the dianion. 


А pKa of 4.45 indicates that p-cyclopropylbenzoic acid is a weaker acid than benzoic 
acid. This, in turn, indicates that a cyclopropyl group must be electron-donating. Since 
electrondonating groups increase reactivity in electrophilic substitution reactions, p- 
cyclopropylbenzene should be more reactive than benzene toward electrophilic 
bromination. 


Remember that electron-withdrawing groups increase carboxylic acid acidity, and 
electron donating groups decrease carboxylic acid acidity. Benzoic acid is more acidic 
than acetic acid. 


Least acidie  Д— Most acidic 


(а) 


" COH COH p 
us Ху, 
H3C с 
19 
P" COH COH 
CH4COSH è < CY y EY 
ON 


20.10 In part (a), Grignard carboxylation must be used because the starting materials can't 


undergo Sn2 reactions. In (b), either method can be used. 
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Carboxylic Acids апа Nitriles 


1. Mg, ether 
(а) (CH), са Sa (CH,), CCO,H 
1. Mg, cther 


(b CH,CH,CH,Br 2222" , ор . L*C 5 CH,CH,CH,CO,H 


3. H,O* 2. H,0' 


„маты CHCOOH CH4CH5OH 


2. CO», ether 
— —— a! 
с р 
Т. АНА _ 
2. H 2 н.о" > 
. NaCN 


EUN 
2. H,O* 


СНЫВг 


The alcohol product can be formed by reduction of a carboxylic acid with LiAIHs. The 


carboxylic acid can be synthesized either by Grignard carboxylation or by nitrile 
hydrolysis. The product can also be formed by a Grignard reaction between benzyl 
bromide and formaldehyde. 


1. Mg. ether 
CHOH CHBr 2: CO2. ether ^— Cu COH CH5CH50H 
3. HzO* 
РВга з 1. НАНА 
v 2. НЗО* 
1. NaCN 


UICE E 
2. H30 


After treating the initial alcohol with PBrs, the same steps as used in the previous 
problem can be followed. A Grignard reaction between the cycloalkylmagnesium 
bromide and formaldehyde also yields the desired product. 


(2) 


1. CH4CH5SMgBr 
—————— ЕҤ 


CH3CH3C=N 
SUE 2. HO 


CH4CH5CCH5CH3 


This symmetrical ketone can be synthesized by a Grignard reaction between 
propanenitrile and ethylmagnesium bromide. 
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(b) _ 
C=N 


——M 


2. H20 "CH 
O5N [LH 3 


1. P OgNCgHsMgBr 
ee 
2 H20 


CH3CZN ОН 


p-Nitroacetophenone can be synthesized by either of two Grignard routes. 


20.14 


|| 
| NaCN 1. CHaCHaMgBr 
——— ———=— 


1-Phonsyl1-2-butanone 


Once you realize that the product results from a Grignard reaction with a nitrile, this 
synthesis is easy. 


О 1715 ем | — 

/ 

O 3300-4400 en! ro- = 1710 ет"! 
OH 2500 3300em Í S 


The positions of the carbonyl absorptions are too similar to be useful. The -OH 
absorptions, however, are sufficiently different for distinguishing between the 
compounds; the broad band of the carboxylic acid hydroxyl group is especially 
noticeable. 


20.15 


20.16 


YH NMR: 
-— 22.15 
P 15-454—-H : 
^ Ж. 
OH <— 125 HO 


The distinctive peak at 12 8 serves to identify the carboxylic acid. For the hydroxykctone, 
the absorption of the hydrogen on the oxygen-bearing carbon (3.5—4.5 8) is significant. 
The position of absorption of the hydroxyl hydrogen is unpredictable, but addition of 
D20 to the sample can be used to identity this peak. 


ЗС NMR: 


50-60 A 31028 
p | м. 4 
5 180 5 HO —Q 


OH 
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The positions of the carbonyl carbon absorptions can be used to distinguish between 
these two compounds. The hydroxyketone also shows an absorption in the range 50—60 à 
due to the hydroxyl group carbon. 


Visualizing Chemistry 


20.17 TP т 
(а) 2 ae (b) | 
НАС С 
ЗУМ “сон 
OCH, | 
| CH3 
Br 
3-Bromo-4-methoxybenzoic acid 3-Methyl-2-butenoie acid 
(с) (d) d 
CO>H 
Cx 
C E S 
HaC H 
аа ($)-3-Cyclopenty]-2- 
| 3-Cyciopentadiene- methylpropanoic acid 
carboxylic ucid 
20.18 
(a) o -COH (b) В „СОН 
Br (CHa)oN 
(a) p-Bromobenzoic acid is more acidic than benzoic acid because the electron- 
withdrawing bromine stabilizes the carboxylate anion. 
(b) This p-substituted aminobenzoic acid is less acidic than benzoic acid because the 
electron-donating group destabilizes the carboxylate anion. 
20.19 
H H H4C CH H H H4C CH 
NS SX? А Ы 
C C C 
HO^ E “сон но“ OR. ^B 
HH HH 


Nitrile hydrolysis can't be used to synthesize the above carboxylic acid because the 
tertiary halide precursor (shown on the right) doesn't undergo $32 substitution with 
cyanide. Grignard carboxylation also can't be used because the acidic hydroxyl hydrogen 
interferes with formation of the Grignard reagent. If the hydroxyl group is protected, 
however, Grignard carboxylation can take place. 
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20.20 The electrostatic potential maps show that the aromatic ring of anisole is more electron- 
rich (red) than the aromatic ring of thioanisole, indicating that the methoxyl group is 
more strongly electron-donating than the methylthio group. Since electron-donating 
groups decrease acidity, p-(methylthio)benzoic acid is likely to be a stronger acid than p- 


methoxybenzoic acid. 


Mechanism Problems 


20.21 (a) 
Br 1. Mg CO;H 
2, C02 
——————&- 
Cr # С 
Mechanism: 
ef pages T 
M 2 + 
Мы; мы ш i Os 
MgBr 
(b) 
1. Mg 
Br 2. СО; COH 
a 3. њо“ T 
Mechanism: 
ве о=с®ё: 70, 0:7 7 нон 
"m = 2 ў | 
„^ч. MgBr 
(c) 
1. Mg 
2. CO; 
в] ттр нос 
3. Но 
Mechanism: 


а M о=с®6 s É 
к—<] MO w а К — — 
T К < + ‚з Jd 
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20.22 (a) 


Mechanism: 


50012 
—— 


2 


649 


| | 1 
H H НА 7“: Base 
[e] 
A SOCh; NOS, 
"d VJ 
Mechanism: 
e rel 105 7 d 
ARN Tz OS. ^ — 
cl Cl AA а i a 9 ACE 
"9 “у eu X AN н Ваѕе ан 
N j \ у MAD A / 
H H Basai єн 
(c) 
[e] 
CN 
500) Cy 
нн; — 
Mechanism: EU жй v a 
we ^N : 
Cl: J cr о c 7% EN oN 
+H OHO ^iBase | 
Saye Sa ы 
| | Es ad 
2 н н Ни; Base 


08. мо 


Mechanism: 


"os SEM Pr a DA "o 
| s © 70%, pu 
m DM T : oO 
а E OX : | m t 


SN Я 
a СЁ v. "d © + : 
amm 
B. / 2 PP Base? HO 2 a м$ uu Є 


H 
| | | 
H 
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20.23 (a) 
CEN у; 
TORT мон Men ST Ü А Mu 


"e O Na” 
Mechanism: 
"t К m . ES T7 
HON. м NOCT ee Bes n Р 8 EN р 
„ее. === а. == == р. 
чы; MESS wee «NH Hou NH 
А ти Му оез, 2. sO v 
Mor ur SS dli. d X : С : 
№ ти» = i =— e^ GARE =e ur S s = А 
:0: “Оз „ы А. ЧЫ - “9н 
Ш M SU "€ NÉS 
м, T 
с ^V Маон NC : Nds 
но Na 'O dde 
Mechanism 
он i 10-7 0H . ME 
T He T2 
——- А 
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Q 
= У сл рк à + м 
H20 HAS 
Na “O 
Mechanism: 
хон но TE до: 
9 X р 
| ( E == o rO === <> == «ез (Су 
E rond Hi “НА "i M 
6 © нб: yn 
HN} S—<S = — „== ре =; 
38 Wi? HEY: "i 
20.24 (a) 
» 
СХ + CHor ——© СХ “ен; wv 
2. њо" | 
OCHs A “осн, 
Mechanism: 
m + um 
S Cds. кони NH „СЇ = ^ "T 
22% | | HI d "Qi Ne; 


"s" " j н + NH3 нб? m " p + 
ї № 24 ш HO, „Мн; SS 
бы RE Cw = “ен; AL e. 
CT á CT T 
OCH, OCH; OCH; OCH, 
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(b) 


pua ce i p 
MgRr 


Mechanism: 


1. ether 
— MB 


2. 430° 
“КЁ "de OH; H rer но: њо: SH 
Е “NH NH; Jo 
\ eami | = С m HOS „Мн; 
Y "Y oe Da 
„ZOH “NH 
+2 h zex e 


MgBr 
See” ue м 
. Hy 
Mechanism; 
H7, ыч 
SN oe + њон E HO CH 
D——Q2EN: NUT CH OH NE ноу н, I> 
) ў Pu >= kis oe 
P "m = — D 
on Р 
at * + as, + 
£F NHa РР «Hs n . 55. Кем. OH? 
d 4 Mg NH; V 
с ч) [— NH; 
88 m = 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly acecssible website, in whole or in part. 


Carboxylic Acids and Nitriles 653 


d) 


=n CH;CH;MpHEr [EM dad | 4 CI 
+ k + + _ 
С CH: Mpi 2 Ho" ШЕ a Нам 
CHCH, 


Mechanism: 
e M 2. TES 4,0: HOY ^H 
Bm "T RE d ^N | ip 
, Е E 7 E 4 Е ух | = усе 
EC N с [9 Я 
^ H;CH; b 
CHCH; MgBr CHCH; P CHCH; м,н, 


20.25 (а) 
о 
OF g | + HNC 
n; Ses 
Mechanism: 
ze H;Oi7—5H ET 
еа ro | Ів 
P H>Ch =e N Ө z— чон = Са. 
С с) c NH C 
SH Мне 


bas m" . 
OH " eo” . E ut TN Hci š Lr ea 
сабун їн, = D de d Он == pas == o£ 

Ne: Ne; ^W NH 
зон 
[< чн E Du “INH; 9 
3 QH == p —DH = 1 == P NH. 
н, Е ve Он 
Мн ЫЯ "Мыз di он a 
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70H “OH НЫ гони: 

7 GE a ; Я RI 
„(У miie ==> «ME Мон; =— ac ё Lt mt Уч 

wee) : Pad 


гон zl р К, 
нс сон "OC un, PF 
у" m — нс чы = 4 = нс č NH 
мө; NT S \ з 
Va MPa їн н 
(с) 
20 
съ с. У * H4N* СГ 
Б но Он 
Mechanism. 
њо: но: +H p 
PX C ^ — Т\ 
Сн NH НЕ 


NHe ың NH2 чн; 
зон - 
с-н OH pn “мн, Z9: . 
ENS Ed dn ЕСИ P uro KE m 
v Ss Ro он зон 
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Mechamsm: E 
f X p ү mi =: A" Өч nc \ m3 
нс / с=н ^н === Hac ГА \ =) V Wee ГА ` oe ca) AL z | EY 
SAP 4 aot C= ун з N ЕФЕ чн 
№: - = чн Ss 


| 


E i зг X. a 259 
Р гон рн а НХ — тонн» 
= w | — № — We ом 
и \ грн qo ar) 9: 

- "оне NB. i 
WC У... P H ls IN A н 
mE OH AT Hs с. = uc э ае юс С NH 
в NUN ‘ NT iE A = ton | 
хен чн, “PH ' 
20.26 
ere 
Oo 
ZN ү! il 
Є HCI с AN ©. 
CH30H OCH; њо | ORs 
Wu ^ 

Mechanism: 

Se H 22 a 
Pars NT | RS. 
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20.27 (a) 


НОУ 
CHOH | 
о t * H 
OH 4 1. 
HaC СМ 
й. 
| CHOH н ‘ОН CH,OH 
INS Il Q^) dx 
‚Фо. oN, == “Ho \+-2ОН»| + . 
i 3 
OH à: t | HaC CN 
| 3 cyanohydrin 
CHOH 
о x + 
"dio OH iu 
OH 
Step 1: Protonation of acetal oxygen. 
Step2: Loss of cyanohydrin. 
Step 3: — Addition of water, followed by deprotonation. 
eO Ё 
но Н | | 
` | О 
Oy = _ 
V i TED * H307 + :CN 
HaC CN E 


Deprotonation of the cyanohydrin hydroxyl group is followed by loss of CN, forming 
2-butanone. 


20.28 


Nucleophilic addition (1), alkyl shift (2), and displacement of bromide (3) lead to the 
observed product. 
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20.29 > 
ur + CO + PO% 
/ 
us 
A 3 
„С ЉС. „СНОР2О5  —— m Н. „С. CH2OP 2053 
DA. `C С С 
\ Г, | 1\ 
HH HH H HH 
3-Phosphomevalonate 5-diphosphate Isopentenyi diphosphate 
20.30 
СНз 
+ CH3 ai 
N-INEC—CHg а= + *¥ 
2 } 
H20: ^ 
р 
CH3 CH 
3 CH, 
Na „2 СНз ens 
Г == \+ 
OH 4. e oH 
H 
+ НА A Usa 


The following steps take place in the Ritter reaction: 

Step 1: Protonation of the alkene double bond; 

Step 2: Attack of the nitrogen lone pair electrons on the carbocation; 
Step 3: Attack of water on the nitrile carbon; 

Step 4: — Deprotonation; 


Step 5: — Tautomerization to the ketone. 


Additional Problems 
Naming Carboxylic Acids and Nitriles 


20.31 
(a) сон СОН (b) Сн» 
CH4CHCH5CH5CHCHa CHa(/COoH 
CH4 
2 5-Dimethylhexanedioic acid 2 2-Dimethsylpropanoic acid 
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(с) 


(е) 


(=) 


20.32 
(а) 


(с) 


(e) 


(g) 


Chapter 20 


NC Сорн (4) 


m-Cyanobenzoic acid 


Cha (b 
CH4CCN 
СНз 
2 2-Dimethylpropanenitrile 
г (h) 
BrCH оС HCHoCHaCOSH 


4.5-Dibromopentanoic acid 


H 
La СОН 


H 
cis- | 2-Cyclohexanedicarbox ylic acid 
CH4C =CCH=CHCO>H 


2-Hexen-4-vnoic acid 
COH 


COH 


Cl 3-Chlorophthalic acid 


one 


2-Cyclobutenecarbonitrile 


COH 


(4:)-2-Cyclodecenecarboxylic acid 


©нәсоән 


CH4CH5CH3CHCH5CHa 


3-Ethylhexanoic acid 


ут 


-Cyclopentenecarbonitrile 


(b) HO:CCHEbCH;CHoCH;CH;CO;H 
Heptanedioic acid 


(d) a и: 
СНзСН»СНьСН»СНСН»©НСО»Н 


4-Ethyl-2-propyloctanoic acid 


(В (C«Hs)CCOoH 
Triphenylacetic acid 


(h) 


О =0 


CN 


m-Benzoytbenzonitrile 
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20.33 (a) 
Сна CH3 
CH3CH2CH2CH2CH2COH CH3CH2CH2CHCO;H CH4CH5CHCH2COsH 
Hexanoic acid 2-Meihylpentanoie acid 3-Methylpentanoic acid 
CH3 CHaCHa бнз 
CH4CHCH2CH,CO2H CH3CH,CHCO>H CH3CH2CCOH 
3-Methylpentanoic acid 2-Ethylbutanoic acid CH3 
| 2 2-Dimethylbutanoic acid 
СНз (Нэ 
снзснснсОрн снзоснасогн 
CH3 CH3 
2 3-Dimethylbutanoic acid 3,3-Dimethylbutanoic acid 
(b) 
р 
ФЕ HC —CHCHSCH4CN H9C— CCHSCN 
Cyclobutanecarbonitrile A-Pentenenitrile 3-Methyl-3-butenenitrile 


Other nitriles with the formula CsHeN can also be drawn. 


20.34 
Li 
Pregabalin 
COH 
20.35 
HOC H 


x 
Нос. S X. в „Сон 
4 
HO H 


(3R.SS)-3-Carbos v-2-hydroxypentanedioic acid 
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Acidity of Carboxylic Acids 


20.36 


20.37 


20.38 


Less acidic —————— — — —— More acidic 


CH;CO,H = HCO,H <  HO,C-CO,;H 
Acetic acid Formic acid — Oxalic acid 


(a) 


(b) p-Bromobenzoic acid <  p-Nitrobenzoic acid (strongly < — 2,4-Dinitrobenzoic acid 


(weakly electron- electron-withdrawing (two strongly electron- 
withdrawing substituent) withdrawing 
substituent) substituents) 


(c) FCH2CH2CO2H < ICH2CO2H < FCH2CO»H 


In (c), the strongest acid has the most electronegative atom next to the carboxylic 
acid group. The next strongest acid has a somewhat less electronegative atom next 
to the carboxylic acid group. The weakest acid has an electronegative atom two 
carbons away from the carboxylic acid group. 


Remember that the conjugate base of a weak acid is a strong base. In other words, the 
stronger the acid, the weaker the base derived from that acid. 


Less basic —————— —— — —————5 More basic 


(a) Mg(OAcy < Mg(OH) < НзС` MgBr* 
Acetic acid is a much stronger acid than water, which is a much, much stronger acid 
than methane. The order of base strength 1s just the reverse. 


(b) Sodium рг nitrobenzoate < Sodium benzoate < НС=С- Na* 


p-Nitrobenzoic acid is stronger than benzoic acid, which is much stronger than 
acetylene. 


(с) HCOrLit < НОТІ“ < CHsCH20" Lit 
LiOH and LiOCH?CH? are very similar in basicity 


(a) К=8.4 х 10^ for lactic acid 
рК» = -log (8.4 х 10^) = 3.08 

(b) К. =5.6х 10° for acrylic acid 
pKa = -log (5.6 х 10%) = 5.25 


(a) рК. = 3.14 for citric acid 
Ка = 10314 = 7.2 x 104 

(b) рК. = 2.98 for tartaric acid 
Ка = 10299 = 1.0 х 10? 
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20.41 


20.42 


Carboxylic Acids and Nitriles 


[^ ] 
lo = pH - pK, =3.00-3.42 = -0.42 
"nap o B 


[A ] 
[HA] 
[HA]-- 0.38[HA] 2 1.38 [НА] = 100% 
[HA] =100% +1.38 = 72% 
[A ]210094 — 72% = 28% 
At pH = 3.00, thioglycolic acid is 28% dissociated. 


= antilog (-0.42) = 0.38 [А-]= 0.38 [НА] 


jo Ed = pH- pK, = 6.00—5.612 0.39 
[HA] 


a = antilog (0.39) = 2.45:[A ] = 2.45 [HA] 
[НА]+ 2.45 [HA] = 3.45 [HA] = 100% 

[HA] 210095 +3.45 = 29% 

[A ] 210095 - 27% = 71% 
At pH — 6.00, uric acid is 7196 dissociated. 


Uric acid is acidic because the anion formed by dissociation of any of the three 
hydrogens is stabilized by resonance. Àn example of a resonance form: 


Q О 
H 
^N H* 
DN | Pen = 
О М 
l o 


661 


Inductive effects of functional groups are transmitted through с bonds. For oxalic acid, 


the electron-withdrawing inductive effect of one carboxylic acid group decreases the 


acidity of the remaining group. However, as the length of the carbon chain increases, the 
effect of one functional group on another decreases. In this example, the influence of the 
second carboxylic acid group on the ionization of the first is barely felt by succinic and 


adipic acids. 
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Reactions of Carboxylic Acids and Nitriles 


CH,CH,CH,CO;H — 257 CH,CH,CH,CH,OH 


20.43 (a) 
] -Butanol 
(b) CH,CH,CH,CH,OH —— => CH,CH,CH,CH,Br 
1-Bromobutane 
(©) CH,CH,CH,CH,Br— >= CH,CH,CH,CH,CO,H 
А ^u CHCH CH, 
from (b) Pentanoic acid 
Grignard сагБоху!айоп can also be used. 
(д) CH,CH,CH,CH,Br-—~““*»: $ CH,CH,CH=CH, 
from (b) ]-Butene 
(e) | : 
CH,CH,CH,CH,Br —25 2 CH,CH,CH,CH, Li* “> (CH,CH,CH,CH,),Cu'Li' 
from (b) 
CH,CH,CH,CH, ),Cu Li* + CH,CH,CH,CH, Br —> CH, (CH, ), CH, 
3 2 2 272 3 2 2 2 3 276 3 
Octane 
20.44 


(a CH,CH,CH,CH,OH E CH,CH,CH,CO,H 


(D CH,CH,CH,CH,Br—**" > CH,CH,CH,CH,OH —7— CH,CH,CH,CO,H 


(с) CH,CH,CH=CH, #2“, CH,CH,CH,CH,OH > CH,CH,CH,CO,H 


2. H0, “OH н;0* 


CH,CH,CH,Br —** > CH,CH,CH,CO,H 


2 Н;О* 


(d) 1. МЕ. ether. 
CH,CH,CH,Br — ti > CH.CH,CH,CO.H 


3. H,O* 


(e) CH,CH,CH,CH=CHCH,CH,CH, —“=S+-»2 CH,CH,CH,CO,H 


20.45 (а) CH,CH,CH,CN—S*>CH,CH,CH,CO,H ——“ > CH,CH,CH,CH,OH 


(b CH,CH,CH,CN #4, CH,CH,CH,CH,NH, 


2. H,O 
(c) 
О 
1. (CH3)2CHMgBr 
CH35CH5CH5CN но“ Ено 
113 
CH3 
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20.46 
(a) CHa CO5H OH 
CH3Cl КМпО4 С 
АСВ H20 FeCl3 
Ci 
m-Chlorobenzoic acid 
(b) Ms 
CHC! Bro KM + 
ne “HO 
AlCl, Ее8г- 
Вг 
р- РИТ acid 
(c) СНз CHBr CH5CO;H 
a CH4CI NBS 1. NaCN 
| 210852. REL 
> AICI (РАСО З) 2. H30 
Phenylacerie acid 
Alternatively, benzyl bromide can be converted to a Grignard reagent, poured over 
CO», and the resulting mixture can be treated with aqueous acid in the last step. 
20.47 


GD 1, НАНА 
2. H30* 


Нас СН2ОН 
3 M 7 2 


(0) NBS 


Винс 
= a CCl, 
COH 
ЕЕ à 
. (c) 1, CHs4MgBr 
p-Methylbenzoic — НЗС CO5H 


CO;H 


acid 2. HgO* 


(4) KMnO, 


TES COH 


In (©), the acidic proton reacts with the Grignard reagent to form methane, for no net 
reaction. 
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20.48 (a) 


(b) 


20.49 (a) 


(b) 


20.50 (a) 


(b) 


(c) 


(4) 


СН,СН,Вг— М ,CH,CH,MgBr —""_5 CH.CH?CO,H 


2.H,0* 


CH4B Е — = сн.Мов к ше uico, ЧАН. снизсн,он 
r f : RUN ME 
3 alvig 2 H30° 3 2 HO? 3 2 
| PBra 
Я 1. СО», ether M З 
13 2 13 9 13 
CH4" СН„СО»Н CHa“ CHsMgBr  -4——— СНА” CHoBr 
ти 3 Marg ether Я. 
H CHOH CHo8r CH5CO5H 


1. ВН» THE _ PBr3 1 NaCN _ 
-= iae 
2. Но» OH 2.H,0° ^ 


Grignard carboxylation can also be used to form the carboxylic acid. 


HC Br HC MgBr HaC COH 


CHp 
1. 1. СО», ether. ether 
ether — 2. НзО зно 


Only Grignard carboxylation can be used because “CN brings about elimination of 
the tertiary bromide to form a double bond. 


Grignard carboxylation can't be used to prepare the carboxylic acid because of the 
acidic hydroxyl group. Use nitrile hydrolysis. 


Either method produces the carboxylic acid. Grignard carboxylation is a better 
reaction for preparing a carboxylic acid from a secondary bromide. Nitrile 
hydrolysis produces an optically active carboxylic acid from an optically active 
bromide, 


Neither method of acid synthesis yields the desired product. Any Grignard reagent 
formed will react with the carbonyl functional group present in the starting material. 
Reaction with cyanide occurs at the carbonyl functional group, producing a 
cyanohydrin, as well as at halogen. However, if the ketone is first protected by 
forming an acetal, either method can be used. 


Since the hydroxyl proton interferes with formation of the Grignard reagent, nitrile 
hydrolysis must be used to form the carboxylic acid. 
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20.51 
Bro, CH>Cla 
НС =0нон = Сн» ОЕ BrCHoCH = CHCH.Br 
1,4-addition 


| 2 NaCN, HCN 
H;NCHaCHCH = CHCH2CHNH3 но NCCH,CH==CHCHsCN + 2 NaBr 
QU 
c Pd/C 


H4NCH5CH5CH;CHSCH5CHaNH^ 


] .6-Hexanediamine 


20.52 
CH3 
| 1. H9C—CHMgBr | 
2. H40* | 
OH 
1. BH3, THF 
2. H202. OH 
CH CHa 
| CrO4 | 
Crane - URSUS H o м а С ае ТоС АНН 
3 
OH OH 
H40* 
т 


CH3CHsCH»C — CHCO;H 
3-Methy -2-hexenoie acid 


As in all of these more complex syntheses, other routes to the target compound are 
possible. This route was chosen because the Grignard reaction introduces a double bond 
without removing functionality at carbon 3. Dehydration occurs ín the desired direction 
to produce a double bond conjugated with the carboxylic acid carbonyl group. 


Spectroscopy 


20.53 The peak at 1.08 à is due to a rert-butyl group, and the peak at 11.2 à is due to a carboxylic 
acid group. The compound is 3,3-dimethylbutanoic acid, (CH35CCH2CO-H. 
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20.54 Either VC NMR or ‘Н NMR can be used to distinguish among these three isomeric 
carboxylic acids. 


Number of 
1H NMR 
absorptions 


Compound Splitting of 'H NMR signals 


1 triplet, peak area 3, 1.0 8 

1 triplet, peak area 2, 2.4 8 

2 multiplets, peak area 4, 1.5 8 
1 singlet, peak area 1, 12.0 à 

1 doublet, peak area 6, 1.0 6 

1 doublet, peak area 2, 2.4 8 

1 multiplet, peak area 1, 1.6 ô 
1 singlet, peak area 1, 12.06 

| singlet, peak area 9, 1.3 ё 

l singlet, peak area 1, 12.1 ò 


CH3(CHz2);CO:H 


(CH332CHCH2CO?»H 5 


{СНз)зССО2Н 3 


20.55 In all of these pairs, different numbers of peaks occur in the spectra of each isomer. (a), 
(b) Use either ІН NMR or "C NMR to distinguish between the isomers. 


Compound Number of Number of 
HC NMR ІН NMR 
absorptions absorptions 


COH 3 
HOC 
HOC CO^H 5 4 
(b) 2 У 2 


(c) Use ІН NMR to distinguish between these two compounds. The carboxylic acid 
proton of CH3CH2CH2CO:H absorbs near 12 $, and the aldehyde proton of 
HOCH2CH2CH2CHO absorbs near 10 à and is split into a triplet. 


(d) Cyclopentanecarboxylic acid shows four absorptions in both its ЇН NMR and "C 
NMR spectra. (СНз):С=СНСН›СО»Н shows six absorptions in its "C NMR and 
five in its 'H NMR spectrum; one of the 'H NMR signals occurs in the vinylic 
region (4.5 — 6.5 5) of the spectrum. The ^C NMR spectrum of the unsaturated acid 
also shows two absorptions in the С=С bond region (100—150 8). 
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20.56 The compound has one degree of unsaturation, which is due to the carboxylic acid 


absorption seen in the IR spectrum. 

а=].265 
b=3.648 
c=4.146 
d=11.126 


ü b t d 
CH,CH,OCH, CO, H 


General Problems 


667 


20.57 2-Chloro-2-methylpentane is a tertiary alkyl halide and “CN is a base. Instead of the desired 
Sn2 reaction of cyanide with a halide, E2 elimination occurs and yields 2-methyl- 


2-pentene. 
ik 
CH3CH2CH2CCHg 
N 
CHa CN 
Greer Haters 
e H 4 
Sed ima 3 
E2 ds 
H CHa 
20.58 
1 
CICCH о 
AiClg 
Isobutyibenzene 1. NaBH, 
2. H0* 
Br PBr OH 
i Ls 
| Naon 
+ 
см Нзо COH 
Ibuprofen 
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20.59 (a) Use СО2 instead of NaCN to form the carboxylic acid, or eliminate Mg from this 
reaction scheme and form the acid by nitrile hydrolysis. 


(b) Reduction of a carboxylic acid with LiAIHa yields an alcohol, not an alkyl group. 
(c) Acidic hydrolysis of the nitrile will also dehydrate the tertiary alcohol. Use basic 
hydrolysis to form the carboxylic acid. 


20.60 
CH3 CH3 COH COH 


HNO KMnO, 1.Fe, H40* 
—— 1 || р || ——————JA 
Н2504 H-0 2. OH 

PABA 


МО» це МН2 
Notice that the order of the reactions is very important. If toluene is oxidized first, the 


nitro group will be introduced in the meta position. If the nitro group is reduced first, 
oxidation to the carboxylic acid will reoxidize the -NH2 group. 


mE SMS dcm 
FeBr3 M / 


20.61 


а Мо. етег 
Periodinane 
сні Cl 
Ср CHO 
FeCl, 
1. NaCN 
2 H30* 
1. SOCI», pyr 
Fenclorac 


Other routes to this compound are possible. The illustrated route was chosen because it 
introduced the potential benzylic functional group and the potential carboxylic acid in 
one step. Notice that the aldehyde functional group and the cyclohexyl group both serve 
to direct the aromatic chlorination to the correct position. Also, reaction of the hydroxy 
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acid with SOCI? converts -OH to -C] and -CO?H to -COC]. Treatment with H307 
regenerates the carboxylic acid. 


20.62 
Substituent рК» Acidity * E. A.S. reactivity 
—РСЬ 3.59 Most acidic Least reactive (most 
deactivating) 
—OSO:CH: 3.84 
—CH=CHCN 4,03 
—HgCH: 4.10 
—H 4.]9 
—$i(CH3): 4.27 Least acidic Most reactive (least 
deactivating) 
*Electrophilic aromatic substitution 
Recall from Section 20.4 that substituents that increase acidity also decrease reactivity in 
electrophilic aromatic substitution reactions. Of the above substituents, only —Si(CH3); is 
an activator, 
20.63 (a) 
oe CH нб, CHa 
CH3CHCICH; 
AlCl, тое 
| Mg, ether 
HaC, CH3 Нас, „СНз 
С С 
= | “сон 1. СО», ether ^ MgBr 
ч _ — 
у. 2. H40* 


Again, other routes to this compound are possible, The above route was chosen 
because it has relatively few steps and because the Grignard reagent can be 
prepared without competing reactions. Notice that nitrile hydrolysis is not a 
possible route to this compound because the halide precursor is tertiary and doesn't 
undergo Sn2 substitution. 
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(b) 
| 1. PhMgBr. ether OH HBr 8r 
2. H40* 
Mg, ether 
СеНз Сен5 
сон „1:02 ether. MgBr 
2. НдО* 


The product results from two Grignard reactions. As in (a), nitrile hydrolysis is not 
a route to this compound. 


20.64 As we have seen throughout this book, the influence of substituents on reactions can be 
due to inductive effects and/or resonance effects. For m-hydroxybenzoic acid, the 
negative charge of the carboxylate anion is stabilized by the electron-withdrawing 
inductive effect of -OH, making this isomer more acidic. For p-hydroxybenzoic acid, the 
negative charge of the anion is destabilized by the electron-donating resonance effect of 
—OH that acts over the z electron system of the ring but is not important for m- 


substituents. 
TI 
HO Z EET 
|+ + Но? 
> 
о О 
li H 
C uc 
ДҮ i пе; id 
HO | HO 
+ НО 3 + and other 


resonance Forms 


Ae m AA e at s 
pu" — puc 


41} 83 ;. THF. then Н.О. OH : (b) PBr;: (с) Me. then CO», then НзО* (or CN. then 
Н+): (d) LiAIH,. then 1150*: (e) Dess- Martin periodinane, СНэС]5; (H H-NNEE.KOLN 


20.65 


CO;H 


p 
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20.66 А compound with the formula CsH7N has two degrees of unsaturation.The IR absorption 
at 2250 ст! identifies this compound as a nitrile. 


1 а=1.06 5 
CH, CH, CH, Cz N b- 1.68 
с= 2.316 


20.67 Both compounds contain four different kinds of protons (the H2C= protons аге 
nonequivalent). The carboxylic acid proton absorptions are easy to identify; the other 
three absorptions in each spectrum are more complex. 


It is possible to assign the spectra by studying the methyl group absorptions. The methyl 
group peak of crotonic acid is split into a doublet by the geminal (CH3CH-) proton, 
while the methyl group absorption of methacrylic acid is a singlet. The first spectrum (a) 
is that of crotonic acid, and the second spectrum (b) is that of methacrylic acid. 


20.68 2-Methyl-2-pentenoic acid 
Q 


s 


20.69 (a) From the formula, we know that the compound has 2 degrees of unsaturation, one 
of which is due to the carboxylic acid group that absorbs at 183.0 б. The ЗС NMR 
spectrum also shows that no other sp? carbons are present in the sample and 
indicates that the other degree of unsaturation 15 due to a ring, which is shown to be 
a cyclohexane ring by symmetry and by the types of carbons in the structure. 

(b) The compound has 5 degrees of unsaturation, and is a methyl-substituted benzoic 
acid. The symmetry shown by the aromatic absorptions identifies the compound as 


p-methylbenzoic acid. 
(a) Cy (b) - , CO2H 
Н.С 


3 
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20.70 
ca 
О VO: 
| Il am | 
о. (à ж” d Pe о 
3 Д n :OH | 3 Д юе 
HH HH ` 
Step 1: — Deprotonation 
Step2: — Decarboxylation 
Step 3: Protonation. 


This reaction proceeds because of the loss of СО» and the stability of the enolate anion. 
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2. HC 


+ COs 


"SH OH 
RA 


“сн 
enolate 


Рай 


Chapter 21 — Carboxylic Acid Derivatives: 
Nucleophilic Acyl Substitution Reactions 


Chapter Outline 


I. Introduction to carboxylic acid derivatives (Sections 21.1-21.2). 
А. Naming carboxylic acid derivatives (Section 21.1). 
1. Acid halides. 
a. The acyl group is named first, followed by the halide. 
b. For acyclic compounds, the -ic acid or -oic acid of the carboxylic acid name is 
replaced by -оу/, followed by the name of the halide. 
i. There are eight exceptions, in which -y/ is used 
с. For cyclic compounds, the -carboxylic acid ending is replaced by -carbonyl, 
followed by the name of the halide. 
2. Acid anhydrides. 
a. Symmetrical anhydrides are named by replacing acid by anhydride. 
b. Unsymmetrical anhydrides are named by citing the two acids alphabetically, 
followed by anhydride. 
3. Esters. 
a. Esters are named by first identifying the alkyl group and then the carboxylic acid 
group, replacing -oic acid by -ate. 
4. Amides. 
a. Amides with an unsubstituted -NH2 group are named by replacing -oic acid ot — 
ic acid by -amide or by replacing -carboxylic acid with -carboxamide. 
b. If nitrogen is substituted, the nitrogen substituents are named in alphabetical 
order, and an N- is put before each. 
5. Thioesters. 
a. Thioesters are named like esters, using the prefix thio- before the name of the 
ester derivative of the carboxylic acid. 
6. Acyl phosphates. 
a. Acyl phosphates are named by citing the acyl group and adding the word 
Phosphate. 
B. Nucleophilic acyl substitution reactions (Section 21.2). 
1. Mechanism of nucleophilic acyl substitution reactions. 
a. А nucleophile adds to the polar carbonyl group. 
b. The tetrahedral intermediate eliminates one of the two substituents originally 
bonded to it, resulting in a net substitution reaction. 
c. Reactions of carboxylic acid derivatives take this course because one of the 
groups bonded to the carbonyl carbon is a good leaving group. 
d. The addition step is usually rate-limiting. 
2. Relative reactivity of carboxylic acid derivatives. 
a. Both steric and electronic factors determine relative reactivity. 
i. Steric hindrance in the acyl group decreases reactivity. 
ii. More polarized acid derivatives arc more reactive than less polarized 
derivatives. 
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b. 


ш. The effect of substituents on reactivity is similar to their effect on electrophilic 
aromatic substitution reactions. 


it ts possible to convert more reactive derivatives into less reactive derivatives. 


і. In order of decreasing reactivity: acid chlorides > acid anhydrides > thioesters 
> esters > amides. 


ii. Only esters, amides, and carboxylic acids are found in nature. 


3. Kinds of reactions of carboxylic acid derivatives: 


a. Hydrolysis: reaction with water to yield a carboxylic acid. 
b. Alcoholysis: reaction with an alcohol to yield an ester. 
c. Aminolysis: reaction with ammonia or an amine to yield an amide. 
d. Reduction. 
i. Reaction with a hydride reducing agent yields an aldehyde or an alcohol. 
ii. Amides are reduced to yield amines. 
e. Reaction with an organometallic reagent to yield a ketone or alcohol. 
П. Reactions of carboxylic acids and their derivatives (Section 21.3—21.9). 


А. Nucleophilic acyl substitution reactions of carboxylic acids (Section 21.3). 
і. Carboxylic acids can be converted to acid chlorides by reaction with SOCH. 


a. 


The reaction proceeds through a chlorosulitte intermediate. 


2. Acid anhydrides are usually formed by heating the corresponding carboxylic acid to 
remove 1 equivalent of water. 


3. Conversion to esters. 


а. 


b. 


Conversion can Бе effected by the $м2 reaction of a carboxylate and an alkyl 
halide. 


Esters can be produced by the acid-catalvzed reaction of a carboxylic acid and an 
alcohol. 


і. This reaction is known as a Fischer estertfication. 
ii. Mineral acid makes the acyl carbon more reactive toward the alcohol. 
ш. All steps are reversible. 


iv. The reaction can be driven to completion by removing water or by using a 
large excess of alcohol. 


v. lsotopic labelling studies have confirmed the mechanism. 


4. Conversion to amides. 


a. 


b. 


Amides are difficult to form from carboxylic acids because amines convert 
carboxylic acids to carboxylate salts that no longer have electrophilic carbons. 
The reagent DCC (dicyclohexylcarboditmide) can be used; it is used in the 
laboratory to form peptide bonds. 


5. Reduction of carboxylic acids. 


a. 
b. 


Reduction to alcohols can be achieved by usc of LiAIHa. 
BH: in THF easily reduces carboxylic acids to alcohols. 


B. Chemistry of carboxylic acid halides (Section 21.4). 


1. Carboxylic acid halides are prepared by reacting carboxylic acids with cither SOCk 
or РВгз to form the corresponding acyl halide. 
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2. Acylhalides are very reactive. 
a. Most rcactions occur by nucleophilic acyl substitution mechanisms. 
3. Hydrolysis. 
a. Acyl halides react with water to form carboxylic acids. 
b. The reaction mixture usuaily contains a base to scavenge the HC] produced. 
3. Anhydride formation. 
a. Acid halides react with carboxylate ions to form anhydrides. 
4. Alcoholysis. 
а. Асу} halides react with alcohols to form esters. 
6. Base is usually added to scavenge the HCI produced. 
с. Primary alcohols are more reactive than secondary or tertiary alcohols. 
i. It's often possible to esterify а less hindered alcohol selectively. 
5. Aminolysis. 
a. Acid chlorides react with ammonia and amines to give amides. 


b. Either two equivalents of ammonia/amine must be used, or NaOH must be 
present, in order to scavenge HCI. 


6. Reduction. 
a. LiAIH4 reduces acid halides to alcohols. 


i. The reaction is a substitution of H^ for СГ that proceeds through an 
intermediate aldehydc, which is then reduced. 


7. Reaction with organometallic reagents. 


a. Reaction with Grignard reagents yields tertiary alcohols and proceeds through ап 
intermediate ketone. 


b. Reaction with diorganocopper (Gilman) reagents yields ketones. 
i. Reaction occurs by a radical mechanism. 
il. This reaction doesn't occur with other carboxylic acid derivatives. 
C. Chemistry of carboxylic acid anhydrides (Section 21.5). 


1. Acid anhydrides can be prepared by reaction of carboxylate anions with acid 
chlorides. 


a. Both symmetrical and unsymmetrical anhydrides can be prepared by this route. 
2. Acid anhydrides react more slowly than acid chlorides. 
a. Acid anhydrides undergo most of the same reactions as acid chlorides. 
b. Acetic anhydride is often used to prepare acetate esters. 
c. Inreactions of acid anhydrides, half of the molecule is unused, making anhydrides 
inefficient to use. 


D. Chemistry of esters (Section 21.6). 
l. Estets can be prepared by: 
а. Sw2 reaction of a carboxylate anion with an alkyl halide. 
b. Fischer esterification. 
c. Reaction of an acid chloride with an alcohol, in the presence of base. 
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Esters аге less reactive than acid halides and anhydrides but undergo the same types 

of reactions. 

Hydrolysis. 

a. Basic hydrolysis (saponification) occurs through a nucleophilic acyl substitution 
mechanism. 


i. Loss of alkoxide ion yields a carboxylic acid which is deprotonated to give a 
carboxylate anion. 
ii. Isotope-labelling studies confirm this mechanism. 
b. Acidic hydrolysis can occur by more than one mechanism. 
i. The usual route is by the reverse of Fischer esterification. 
Aminolysis. 
a. Esters can be converted to amides by heating with ammonia/amines, but it's easier 
to start with an acid chloride. 
Reduction. 


a. LiAIH2 reduces esters to primary alcohols by a route similar to that described for 
acid chlorides. 


b. If DIBAH at —78 ?C is used, reduction yields an aldehyde. 
Reaction with Grignard reagents. 


a. Esters react twice with Grignard reagents to produce tertiary alcohols containing 
two identical substituents. 


E. Chemistry of amides (Section 21.7). 


l. 
2; 


Amides are prepared by the reaction of acid chlorides with ammonia/amines. 

Hydrolysis. 

a. Hydrolysis occurs under more sevcre conditions than needed for hydrolysis of 
other acid derivatives. 


b. Acid hydrolysis occurs by addition of water to a protonated amide, followed by 
loss of ammonia or an amine. 


c. Basic hydrolysis occurs by attack of НО”, followed by loss of NH». 
Reduction. 
a. LiAIH4 reduces amides to amines. 


F. Thiol esters and асу! phosphates (Section 21.8). 


1. 


2: 


Nature uses thiol esters and acyl phosphates in nucleophilic асу! substitution 
reactions because they are intermediate in reactivity between acid anhydrides and 
esters. 


Acetyl CoA is used as an acylating agent. 


III. Polyamides and polyesters (Section 21.9). 
A. Formation of polyesters and polyamides. 


1. 
2: 
3. 


When а diamine and а diacid chloride react, a polyamide is formed. 
When a diacid and a diol react, a polyester is formed. 


These polymers are called step-growth polymers because each bond is formed 
independently of thc others. 
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B. Types of polymers. 
1. Nylons are the most common polyamides. 
2. The most common polyester, Dacron, is formed from dimethylterephthalate and 
ethylene glycol. 
3. Biodegradable polymers are usually polyesters of naturally-occurring 
hydroxycarboxylic acids. 
IV. Spectroscopy of carboxylic acid derivatives and nitriles (Section 21.10). 
A. Infrared spectroscopy. 
1. All of these compounds have characteristic carbonyl absorptions that help identify 
them; these are listed in Table 21.3. 
B. NMR spectroscopy is of limited usefulness in distinguishing carboxylic acid derivatives. 
1. Hydrogens next to carbonyl groups absorb at around 2.1 6 in a !H NMR spectrum, 
but this absorption can't be used to distinguish among carboxylic acid derivatives. 
2. Carbony! carbons absorb in the range 160—180 4, but, again, this absorption can't be 
used to distinguish among carboxylic acid derivatives. 
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Solutions to Problems 


21.1 Table 21.1 lists the suffixes for naming carboxylic acid derivatives. The suffixes used 
when the functional group is part of a ring are in parentheses. 


@ з 0 
етее ее! 


4-Melhylpenianoy] 


(b) Й 
CH2CNHa 


Cyelohexylacetamide 


chloride 
(c) (9) ; Ө! 
CH3CHCOCHCH | ; 
3] 3 : C + 
CH3 СНз i ГО 
Y / 
Isopropyl Е: 
2-methylpropanoate Benzoic anhydride 
(e) ? (f) Hs 
C о CHCH 
а YT 
CHa О 
һоргору! Cyclopentyl 


eyclopentanecarbox ylate 


2-methylpropanoate 


(в) (t) | 
Нос =CHCHsCHaCNHCH, Нас С 
ib di 
А“ 
HO H 
A-Methyl-J-pentenamide 
(R)-2-Hydroxypro- 
panoy! phosphate 
(i) x 
HaC C —SCHoCH 
3 \ / QM 
C=C 
HaC CHa 


Ethyl 2 3-dimethyl- 
2-butenethioate 
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21.2 
(a) О (b) И 
| CH4CH5CHSCNCH3CH; 
| | CH3 
XS 
Phenyl benzoate N-EthylF-A-methylbutanamide 
(©) Оз 0 (d) CH3 
CHSCHCH;CHCCI с 9C Ha 
| 
CHa О 
Methyl I -methyleyclo- 
2 4-Dimethylpentanovl hexanecarboxylate 
chloride 
(e) "? m (f ђ 
CH4CHoCCH5COCHSCH C 
3772 2 ра “SCH3 
Ethyl-3-0xopentanoate ar 
Methyl p-bromobenzenethioate 
о 9$ (b) rem 
НС. CCH3CHa i 
о 
"СНз 
Formic propanoic H 
anhydride cfs-2-Methyicyclopentanecarbony! bromide 
21.3 
:0: 
| 
С 
^OCH4 
———— 
: + 18 
aldition ol methoxide eliminauon of Cl 
io form а tetrahedral 
mtenmediate 
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21.5 


21.6 


21.7 
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Use Figure 21.2 if you need help. 


Most reactive » Least reactive 
(а) n Y | 

CH4CCI > CH4COCH4 > — CH4CNH. 
(b) О 


i И || 
CH3COCH(CF3)9 >  OCH4COCH;CCl > CHgCOCH,CH, 
The most reactive acyl derivatives contain strongly electron-withdrawing groups in the 
part of the structure that is to be the leaving group. 


Identify the nucleophile (boxed) and the leaving group (circled), and replace the leaving 
group by the nucleophile in the product. 


(a) n on О 
il Nat ITOH: | 
С еен ————— P cR * HOCH 
нс” TOCHA; нас” ^ ^O Nat z 
O г: Q 
(b) [ 2 |NH3! 1 К 
Сеня Га а № + NH, CF 
HaG ^ ^с С нс МН? | 
(с) US NE о 5 
rig ^ 1—, I D 
ee al №”! СНУ i | 
„б ——— C + NN 
Н.С” о“ “сна, нас” “осна Na" O^ “сн; 
О Е 
(9) i | CHgNHo | i 
EN ——* + — HSCH 
нас”  15CH4; H4C^ “мнен; - 


The structure represents the tetrahedral intermediate in the reaction of methyl 
cyclopentylacetate with hydroxide, a nucleophile. The products are cyclopentylacetate 
anion and methanol. 


Dod. din E OCH, o 


Methyl cyclopentylacetate Cyclopentylacetate 


In Fischer esterification, an alcohol undergoes a nucleophilic acyl substitution with a 
carboxylic acid to yield an ester, The mineral acid catalyst makes the carboxyl group of 
the acid more electrophilic. Predicting the products is easier tf the two reagents are 
positioned so that the reacting functional groups point towards each other. 
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(a) Q 0 
: OCHsCHsCHsCH I С H20 
С + H HCH —— + 
нас” ^он | нас” ““осн,сньсньсні © 
Acetic acid 1 -Butanol But acetate 
e О 
(b) Й HCl I 
С + HOCH. === С + H20 
CHSCHaCHZ “ОН ? CH3CH»CH3 “осн. : 
Butanoic acid Methanol Methyl butanoate 
О 
(с) 1 H „СНз HCI ] b d 
* C — + HO 
* 2 "OH но“ “сна Ti ^o^^cà * 
Cyclopentane- 2- Propamnol Isopropyl cyclopentanecarhox ylate 


carboxylic acid 


21.8 Under Fischer esterification conditions, many hydroxycarboxylic acids can form 
intramolecular esters (lactones). 


О О 
i II 
С C 
нс” ^он HCI нс “^о 
] — | | + но 
НС. „СН2ОН нг. «СН 
A A 
HH HH 
8-Hydroxypentanoic acid à lactone 


21.9 Pyridine neutralizes the НСІ byproduct by forming pyridinium chloride. This 
neutralization removes from the product mixture acid that might cause side reactions. As 
mentioned previously, positioning the reacting groups so that they face each other makes 
it easier to predict the products. 


О О 
(a) : в Pyridine c 
HOCH оа 
CH4CH; СО Ў CH4CH; “осн; 
Propanov! chloride Methanol Methyl propanaate 
О О 
(b) [| Pyridine i 
mors. * HOCHaCH; ——Ó „С 
нс” “с HaC  "OCH;CHS 
Acetyl chloride Fihanol Ethyl acetate 
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21.10 


21.11 


21.12 
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(c) 0 m О 
Pyridine lf 
C. + = HOCH »CH, ——>= Gx 
cl OCH;CH; 
Benzoyl chloride Fthanol Ethyl benzoate 


As explained in the text, only simple, low boiling alcohols are convenient to use in the 
Fischer esterification reaction. Thus, reaction of cyclohexanol with benzoyl chloride is 
the preferred method for preparing cyclohexyl benzoate. 


C 
^c L > Pyridine Cr 
+ HO 


=0 
=0 


P 


Benzoyl chloride Cyclohexanol Cyclohexyl benzoate 
ГА Гаа" H _.. ÁN 4 
| о: p eR o ; :9: Td *OH | 
ну : : ES 
CH4O Cc №: : CHO ow 
nucleophilic | 
dud addition of | ro 
OCH, morpholine : осн; 


by hydroxide 


CH0 CONST | CH4O | Oi | 
: К i 3 a А м | 
— | alo | 
Це т.ч 
©нзО сно 
elimination . | 


+ NaCl : z i 
Pens AC! ot chloride - Өс... NO 
Trimetozine 


1 
deprotonation | 
| 
! 


An extra equivalent of base must be added to neutralize the acid produced in these 
reactions. In (a) and (b), two equivalents of the amine may be used in place of NaOH. 


(a) О О 
„Сы +  HaNCH, ——— „б. + HO + NaCl 
СНасн5 СС CH4CH; ` NHCH3 
Ргорапоу] chloride Mcthylamine N-Methylpropanamide 
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) О 
° MET TNE 2 i 
H20 + Nac! 
Benzoyl chloride Diethylamine N N-Diethylbenzamide 
А i 2 NH NH4* СГ 
C + 3 —— G + 4 
снн Cl CH3CH3 “мн 
Propanoyl chloride Propanamide 


21.13 Two combinations of acid chloride and organocopper reagent are possible, 


(a) 
Esi + KCH3)2CH]>CuLi о 
or менсн), 
Сиш qq 
у a^ c сну) 
(b) 


[e € 


HQC-OCH^ “CI +  (CH3CH3CHp)2CuLi 


о =0 


or 


— > H,C=CH~ ` CH2CHpCH3 
[ 


(HoC=CH)oCuli + „С 
ё 2 с “снснснз 
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21.14 
T mE Нас. A 
02055 | 
ie T d T 
pre ке OL LO 
NH3 м H—N. CH3 
Is s 
2: Н+. 
| =e J 
HO но :Он 
| | à. 
aw ae 
10403,9: 
| | SN 
| + | ча — 
HO | HO + H20 
Acetaminophen 
Step 1:  Nucleophilic addition of p-hydroxyaniline. 
Siep 2: Рергоїопапол by hydroxide. 
Step 3: Loss of acetate ion. 
21.15 ^ 
О | 
if С 
С. “OCH, 
о + СНОН ——> 
А „он 
С C 
\\ il 
o о 


Phthalic anhydride 
The second half of the anhydride becomes a carboxylic acid. 


21.16 Acidic hydrolysis of an ester is a reversible reaction because the products are an alcohol 
and a carboxylic acid. Basic hydrolysis of an ester is irreversible because its products are 
an alcohol and a carboxylate anion, which has a negative charge and does not react with 
nucleophiles. 
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О о 
OH f 
к iAIH DIBAH es 
он ПАН о 1084 ^ 
2. H30 2. H30 
CH4OH 


Lithium aluminum hydride reduces an ester to form two alcohols. 


H4C О H3C 
(а) п 1. ЧАН 3j 
CH3CH5CH2CHCOCHs VW ыа CH3CH;CHSCHCHoOH + CHOH 
pag 
2-Methyi- I -pentanol Methanol 
(b) о | ES 
il 
C ; CHOH HO 
^o 22 1. CIAR 22 2 
2. H20 | + 
Su 
Benzyl alcohol Phenol 


Remember that Grignard reagents can only be used with esters to form a tertiary alcohol 
that has two identical substituents. Identify these two substituents, which come from the 
Grignard reagent, and work backward to select the ester (the alkyl group of the ester is 
unimportant). 


Tertiary Alcohol M Grignard Reagent + Ester 
UD син.» О 
Hal На, [ 
С C 
"OH "OR 


2 CH4MgBr + 


(c) ATS ое о 


у, ^ 


(CH3CHa X, CH9CHs у б 
TT 2 CH3CHsMgBr + CH3CH,CH,CH; — OR 


~- 


LS 
CH4CH9CH5CH9 OH 
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T я 
(а) (b) 
C C СНОН 
Т» + ~ 2 
NHCHeCH но OH 27 
2913 3 ds Bhgr | 
heat 2. НЗО S 
N-Fthylbenzamide 
1. LiAIH, 
2. HO 
CHgNHCH2CH3 
о 
| 
8r MgBr C. 
Mg. ether 1. CO». ether Sn 
„ш т” ы елше шшш; 
2 но“ 
SOCIs 
О © 
It II 
CH5N(CH34)o e Cy 
1. НАНА N(CH3)o (Сна)әмн а 
Ge —— ————————— 
2. H20 NaOH 


The product is a №, V-disubstituted amine, which can be formed by reduction of an amide. 
The amide results from treatment of an acid chloride with the appropriate amine. The 
acid chloride is the product of the reaction of SOC} with a carboxylic acid that is formed 
by carboxylation of the Grignard reagent synthesized from the starting material. 


Even though the entire molecule of coenzyme A is biologically important, we arc 


concerned in this problem only with the -SH group. Thc remainder of thc structure is 
represented here as "К". 


x. 2016 Cengage Learning. AM Righis Reserved. May nof be scanned, copted or duplicated. or posted to a publicly accesible website. in whole ам in part. 


Carboxylic Acid Derivatives: Nucleophilic Acyl Substitution Reactions 687 


м = 
N О: О (: Q Q 
` || || ~ | A | 
С Р С: P 
Hac 7 ЗО | О Adenosine „5 ніс“) “07 | " o——Adenosine 
| o k S o” 
X N 
N y ^x R 
RS—Å ^:Base p 
о О 
il T 
C R P 
pe S и _ м 
НС 5 i o^ | ~O—Adenosine 
Acetyl CoA О 


Step 1: | Nucleophilic addition of the -SR group of CoA (after deprotonation) to acetyl 
adenylate to form a tetrahedral intermediate. 


Step 2: Loss of adenosine monophosphate. 
21.23 In each example, if » molecules of one component react with n molecules of the other 


component, a polymer with п repeating units 15 formed, and 2n small molecules are 
formed as byproducts; these are shown in each reaction. 


(а) BrCH5CHsSCH5SBr + НОСНЬСН»СН>ОН Бае. сн Сн»СНьОСН»„СНьС©Н o>- 
eaa a дерд 251710912 стото 


+ 2n HBr 
/ О Ох 
e HSO | MEME 
HOCH5SCHSOH + HO5C(CH5)gCO5H Е ——ОСН»СНьО—С(СН»)вС —- 
catalyst \ ћ 
+ 2n H0 
о о ГА О Q х 
(с) i Т i il H \ 
HoN(CHo)gNHo + CIC(CHo)4CCI  —— — о ——HNC(CHo)gNH — C(CH5)4€ —- 
Y y^ 
«2n HCl 


21.24 


Ї 1 
юс б + ыы 


i .4- Benzenedicarbox ylic acid к 1 4-Benzenediamine 


Kevlar + 2n НО 
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21.25 Use Table 21.3 if you need help. 


Absorption Functional group present 
(а) 1735 em! Saturated ester or 6-membered ring lactone 
(b) 1810 сп! Saturated acid chloride 
(c) 2500 — 3300 cm! and 1710 ст! Carboxylic acid 
(d) 1715 сш ! Saturated ketone or 6-membered ring ketone 


21.26 (а) IR 1735 cm! corresponds to a saturated ester. 


The remaining five carbons and twelve hydrogens can be arranged in a number of 
ways to produce a structure for this compound. For example: 


О 
r 


The structural formula indicates that this compound can't be a lactone. 


(b) 
CH3CN(CH3)> 


(c) 7 
CH4CH--CHCO| or HaC =C(CH3)CC 


Visualizing Chemistry 


21.27 
(a) HB GHs (b) HH 
H3C.. „чм ANS Y 
C C CH Hac. 2С 
д li 3 с” Ae re 
HCH О г O [ 
| | | H CH4 НН О 
N,N-Dimethyl-3-methylbutanamide 3-Methyibutyl henzoate 
21.28 (a) 
CH 
Br Pd OH Br | 3 
— OH С | = OCHCHg 
/ SOC /^  CH43CHCH4 4 
S ARS й рие ИА 
О o Pyridine О 
o-Bromohbenzoic acid 2-Propanol Isopropyl 


o-bromohensoule 


This compound can also be synthesized by Fischer esterification of o-bromobenzoic 
acid with 2-propanol and an acid catalyst. 
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(b) 
о О 
/ 1.806 2 
CHC ———% CHC 
\ 2.2 NH3 \ 
OH NH» 
Cyclopentylacetic acid Cyclopentylacetamide 
о Г о | О 
[| | | || 
С 2 NH3 | Caud С 
HyC=CHCHCHS ба ———*® H,0—CHCHCHZ “УМН |. н„с=снснсн “мно 
| | | ei З | 
CH3 L CH3 CH3 
+ NH4' СГ 
3-Methyl-4-pentenoy! chloride 3-Methyt-4-pentenamide 


The starting material is 3-methyl-4-pentenoyl chloride, as indicated by the -C1 in the 
tetrahedral intermediate. Ammonia adds to give the observed tetrahedral intermediate, 
which eliminates СГ to yield the above amide. 


According to the clectrostatic potential maps, the carbonyl carbon of acetyl azide is more 
electron-poor (less red) and therefore more reactive in nucleophilic acyl substitution 
reactions. Resonance donation of nitrogen lone-pair electrons to the carbonyl group is 
greater in an amide than in an acyl azide. 


M 7 © к 
ven к „© St 
НС NH2 H3C NH» 
Acetamide 
K^ _ 
О or T 
| 1.7 i 
с... Coree Ee ЗС: 
нс” DNA Hac ^ CN + HaC CN. + 
f a are = -7 TS io 
Ee d 3 Acetyl azide : 
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Mechanism Problems 


21.31 (a) 


Mechanism: 


pM WE 
) 


(b 


о 
A Озы ST um RS 
OCH2CH3 pyr N 


Machanism: 
203 7 OCH.CH: 
ies Rh 
Уи; M 
(c) 
О 
+ - 
о + Ма ОСН» 
© 
Mechanism: 


CET \ TD oc 
e E S 

== 
к 20б 


- | ннан; 
/ М 


N 
Н H^ осон: H 
о 
+ = 
Na О 
OCH3 
О 
“O° 

+. 4 3 1 OCH; 
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(d) 


О 
+ 
^y^. 


Mechanism: 


21.32 (a) 


——— 
CI 


Mechanism: 


го" HOOK Qn 
MNS Я | we Sue, 
Ку а" ., з жг. „ж — e ane = Ia is М 
u^ Ek 9 = q^ Ces 04 


HO 


Uu 
. 9 LS 
=5=0 = ©: 
rch” Ie 9 
Кыр 
(b) 
9 Р 
Еа Ро А 
? 
он 5 
Machanigm: . ? 
” у CC . F г ek 
T Маи, 794. — i ei 
22" dug == Г 9: — Mo iE =) 
Он 5 f 7 © == dl 
p ‘OH Они: Base xi 
de) 
‘o=s=0! Hu 
ae ; oe | Р ge 
сі geta О 
He 
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OH cl 
SOCh 
> 
о [s] 
Mechanism: 
oe EE 
TSH | 
OF 
V* to=s=o 
о: de 


(d) 


ENS = 
SOC „ 
HO A 


Mechanism: 


ATN.. 


os ON oe M 
NOT CU 


к EH 
"ln © d 


М e 


21.33 (a) 


[9] 
HCI catalyst * CH3CH;OH 
H20 
CH3CH20 HO 


Mechanism: 


2 


^ Н. + ^ 
скин TO ESO .. н К "OE 
Я TM T HO * + 10H Е но; ОН 
= оф | а У = RP] 
CH3CH;O 


m PE снуснгО 
chc CH&CH:G sCH20 


wt А Он on ud: 
а= CHsCHzQH к == H 
- m CH3CH2O 
НО HO To 
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(b) 


o 
HCI catalyst pu 
Cr —a Г] он * нон 


Mechanism: 
prO. “л .. 
"о: нс: С «бн HO: 
Юн; 
m m T = 
осн; OCH: 
are HO HOY, TEN 
O f Q. = нох) зон 
CH3OH а 
“ы. бн == OR == OCH; 
a 
(c) 
о с i © 
P Я HCI catalyst xod . но 
х. он CHOH — OCH; 
Mechanism; 
PES tH не 7 А 
"e HCI: es ў HOCH. но: LOCK, C 
Pr = pu» ењ 7073 yee ==: Cu OH | 
“Sy OH Cu OH Sus oH 2 
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(d) 
o "gt 
A HCI catalyst ee 
— 
$ j|  Gmomon CHCH: Он 


Machanism: 


снусн:н zip tun 
cu “НС н CHCH20} 30H 
x === === CHR н == " à 
Y. "o CHICHO 4H 
у | О 
= JD" HOCH;CHs СНУСН» OH 
isis: E Le = f 
снзснге; QH CH;CH;O OH үг 
21.34 (а) 
o HO, CH 
NZ Я 
1. ether N 
OCH; + 2 CH4MgBr — + СНз + CH30H 
2. H,0* 
OCH; OCH; 
Mechanism: 


"o 


Ae ZO: CH Е Or 
C] ions з сн, 2 
+ 


С... + 
X “осн мавп = OCH, а СНз  MgBr 
OCH; OCH 


oe + "m o. 
HO; сн a н„б—2 “о: H oe 
М ^ снн aH и з бн Hon, 
CH, =. “сну 
осн: OCH, 
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(b) 


О 
1. ether 

PF c EE m 
OCH2CH; Же 


Mechanism: 


HO: Ph e СА 
NT CH;CHoOH  =— 30: Ph 
C. ^ NS 


(c) 


Q 
1. eth 
о +  2CHjCH;MgBr oe 
2. НзО* 
Mechanism: 
- * 
:8 анана sc "ОН 
n :0 : 
HO;  CH;CH; 


CH3CH20H 


QC OH он 

" Е 
CH3CH?Q:7 ^ Tu" 
Ph 


СО” р А 
Ra CH2CH3 
+ 
(COS 


not simultaneous 
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(d) 
COCH М 2 CH-MgB: 1. ether 
r — ~ e 
PACER 3М9 2. Но" 
Mechanism: 
Pn 10: 
C S 
C ——- с—СНз 
ӨК 
„ОСН? -CHa MgBr :0CH; 
ee RS 
: OH RS 
\ СН m :9: Е 
ВЕ * снн : он; cH HS вн, 
CH3 N ны 


CH; 


not simultaneous 


21.35 Note: Two factors are responsible for the observed regioselectivity. First, the sterics of 
the tert-butyl group blocks the nucleophile from reacting at the adjacent carbonyl. 
Second, the nitrogen of the amino acid has an inductive effect increasing the electrophilic 
character of the amino acid carbonyl. 


o o Ry 5 
HoN сосн; н 
NHBoc , ld N сосы, | 
о —— —*  BocNH nia ОА 
В? 
А, О Ro 


pavalyl - amino acid 
mixed anhydride 


Mechanism: э, 


— 
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21.36 
Mechanism: UMS 
- + ә, 1 "T 
(5, v4 NEP 1 AC OR 
"М М —. 3} —® “Sy 
PoP — e E | 
me di ч 22 
«N 
| 
О c :OR 
A SERM ( SEA. 
H Nuw uu 
HOR "| 
21.37 " 
^ el 
ЕЧ) О: ) (us 1 
д € || КР ~l Em 
CHOH < CH0 Я сно R 
| CoAS R-u* | / 8СоА 
CHOH | —* СНОН ` rd СНОН + ^SCoA 
CH OPO% T CH OPO T CH OPO; ~ 
Glycerol] 1-Acvlglycerol 
3- phosphate 3-phosphate 


Addition of -OH to the fatty acyl CoA (Step 1), followed by loss of -SCoA from the 
tetrahedral intermediate (Step 2), produces 1-acylglycerol 3-phospbatc. 


21.38 Formation of the dipeptide: 


i H S 
| а К / | 
| S 
H ^` ЕД 
R H 126% мн, 
; N Qc. 
DX 2,97 < aN А) | 
|] NU М, l. N N 
О on | 
{А H 
- yt] 2 


#2016 Cengage Leamung. АП Rights Reserved. May not be scanned, copied or duplicated, or posted го a розу accessible website, in whole or in part. 


698 Chapter 21 


H CO," 
R H н H R d 2 
M. | CO, "d 

+ 2 М МН 

Ном с“ УХ н; Я ae 

| ` 0A ^O 
Oo po 
ENS C 
Ld 
ы ы А-н N^ “м 
о ш À Jj | 
|| H 
C 
P 3 
H H а 


Step 1: Тһе carboxylate group from one amino acid adds to DCC to form a reactive 
intermediate. 


Step2: Тһе amino group of the second amino acid adds to the carbonyl group to yield 
a tetrahedral intermediate. 


Step3: Тһе intermediate loses dicyclohexylurea to produce the amide. 
Proton transfers occur in steps 1 and 3. 


Formation of the 2,5-diketopiperazine: 


H 
А —H \ 
NaS ) 
NEGRA Ne se 
/ — í NA „== СУ 
! NH, Anz 
V | j 2 ce. 
diss H= С 2-8 
AS Z9 R Є 7 
Нам y а JUNO UM 
ме с--® о H 
АА 
CO —N H 
Н 2 
H N 
| | 
Чеш H - 
— \ 
| 4) UN N 
+ о et 
H -————— NS су 
| du Ho YS.. 
H H 2 | А 
М О ` -NS 29: 
R- С + CX, 
R | | 
~-R C C--R 
O^ “м D^ NO OS 
| H | н 
H H 
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Step 1: — Addition of carboxylate to DCC. 


Step2: Intramolecular nucleophilic attack of the amino terminal end of the amide on 
the acylating agent. 


Step 3: Loss of dicyclohexylurea. 


Proton transfers occur in steps 1 and 2. 


21.39 
О о 
H II I 11 11 
HP Some Со ше ке О ди PSU 
HC ~ С 1 Ho — с” 2 нс — c ^ 3 НС с ` 4 НС c~ МН 
| Ala V. / 3 || 
Qa Rou "Na. ног NH Ho: NHe ОН 
K + | Е 
i |. 
+ H30* 5 * но aa iaa Ф "s e 
Q * OH HO:/ OH HO: :OH VOU 
i Д VAT NI ut 
нс С... . НС ^... Hot 7 ^... НС ^s НС ^*OH 
| = | МН == | NH c | Мн <=> | NH 
НС. 9 | HoC~. С в. Heo —с 7 Hee —с 5. 20~ c^ 2 
| I j I | 
О О о о О 


А summary of steps: 

Step 1: Protonation 

Step2: — Nucleophilic addition of NH3 
Steps 3,5,7,9: Proton transfers 

Step 4: Ring opening 

Step 6: — Nucleophilic addition of -NH2 
Step 8 Loss of H20 


This reaction requires high temperatures because the intermediate amide is a poor 
nucleophile and the carboxylic acid carbonyl group ts unreactive. 


3» 2016 Cengage Learning. All Rights Reserved. May nut be scanned, coped or duplicated. uf posted to a publicly accessible website. in whole or an part. 


700 Chapter 21 


21.40 Both steps involvc nucleophilic acyl substitutions. 


Formation of acyl phosphate: 


P de" һа _ ү 
Qt О: i CoASH 
|. pl : 
C Г С : + 
coas% "v “cox CoAS~, ee у 
с кыз : О и, UO o 
: у, ar peas | > M l 
22Р 707% о Ма Se “co: 
но | ЖОГОР 
HO E Acyl phosphate 


Step 1: Reaction of the phosphate oxygen with the carbonyl carbon of succinyl CoA. 
Step 2: Loss of SCoA from the tetrahedral intermediate, yielding acyl phosphate. 


Conversion of acyl phosphate to succinate: 


= ue Е Ж 
о О О uy go O0 | О се 
Vp! |] AM ЛА i | j| Succinate 
L^ м Р . С 
; Pd ^ co, :97 $^ Жыр ee - d ^ co, 
оо у + 
—— о оо » ООО 
Kee Г Se comet c edi 
Те аи па то —Guanosine 
nd oo 2 оер? 
GDP GTP 


Step 1: Reaction of the diphosphate oxygen of GDP with the phosphorus of the acyl 
phosphate to produce an intermediate similar to the intermediates formed in 
nucleophilic acyl substitutions of carboxylic acid derivatives. 


Step 2: Loss of phosphate to form GTP and succinate. 
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21.41 In all of these reactions, a nucleophile adds to either carbon or phosphorus to form an 
intermediate that expels a leaving group to give the desired product. 


Formation of 1,3-bisphosphoglycerate: 


^ 
2037 
M m 
О ~ | t О: О 
ч \ “O—ADP xL | 
\ - —P d у -n P 
\ ОТУ \~ O— ADP 077 “67 
o- 
M 78 E rd PEST 
| | | + “OADP 
и mM iir id : ——> H—UC-—OH 
CH,OPO4^- CH OPO CH20P037 
1.3 Bisphosphoglycerate 
Route to enzyme-bound thioester: 
Enz 
о О E 
Base 3 
* C а | Enz li PO, 
} OX 
195550 maA 2 Оз "Sen: 
a — UU =» 0] 
Ша Жа, аи а H —C — OH 
2- 2- = 
СН2ОРОЗ СН2ОРОЗ СН2ОРОЗ2 
й г Enzyme-bound thioester 
Reduction to glyceraldehyde 3-phosphate: 
МАР. __ 
NN 
NER PERDE $ 
О № S—tEnz MeV : S--Enz ге! H + S-tEnz 
а ^7 : С i ; ^ g à 
i |: 
ш iai — н==С—Он — ОР МАО? 
СН2ОРОз2- : CH)OPOST - СНоОРО:Р- 


Glyceraldehyde 3-phosphate 
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21.42 
О 
5 N 
Vel 
N у а) 
„ч CH (a) 
о 2 RENE 
WwW E СО» 
ТОН 
Enz 
“— Nu 
Enz—Nu В 
In (c), the imine rearranges to an a,B-unsaturated ester, to which the nucleophile adds to 
give the trapped B-lactamate. 
21.43 " _ 
d | ev ча | 
Оо: Мо: itO:j O^, О O 
Ww Mya M С АУ [+ \ ^ 
С=С Vion -—-| СС —— C—C 
/ \ ds i. /А СОН Ph^/ S 
Ph Ph nucleophilic! Ph 7 рр phenyl Ph OH | 
Benzil addition ol shift proion transfer 
hydroxide г 55 | 
HO о | но ] 
Y. A H307 | У 
HO. + „с— = | C=C 
£^ ou» РАА 
РН OH proton- | Ph о 


INA ation 
Benzylic acid у 
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21.44 This is a nucleophilic acyl substitution reaction whose mechanism is similar to others we 
have studied. 


СМ. 
ви. 


£60 о О 
=! QA 6 lees. 22 cl 
= Li MS * =— + H 
RA ^61 | R^ us R^ “Өн 3 R^ n ы 3 
Ne Su addition” elimination ^ acid-base 
por reaction 


LC: can act as a leaving group because the electron-withdrawing iodine atoms stabilize 
the carbanion. 


Additional Problems 


Naming Carboxylic Acid Derivatives 


21.45 
(a) j (b) QHoCHg 9 
SN CH3CH5CHCH — CHCCI 
NH» 
Pac | 4-Fthyl-2-hercnoy! chloride 
p-Methylbenzamide | 
(с) " q (d) 
CH4OCCH5CH5COCHa р CHpCH2COCHCHg 
Dimethyl butanedioate | CH, 
or 9 
Dimethyl succinate 
` Isopropyl 
3-phenyipropanoate 
(е) 0 (f 1 
CH4CHCH5CNHCHs С 
= 
А 


N-Methyi-3-bromo- 
butanamide 


(g) 


Phenyl benzoate 


Methyl I-cyclopentene- 
carboxylate 


(b) n 


C 
“SCH(CHs)0 


Isopropyl thiobenzoate 
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21.46 
(a) о (b) 
CH5CNH» 
Br 
p-Bromophenylacetamide 
(с) S? (0) 
ар д — CNH, 
CH3 


2.2-Dimethylhexanamide 


(e) n (f 


G 
má `осн,снз 


Ethyt 2-cyclobutene- 
carboxylate 


m-Benzoylbenzaimice 


Cyclohexyl сус]о- 
hexanecarbox ylate 


XY 


Succinic anhydride 


21.47 Many structures can be drawn for each part of this problem. 


(a) " Е 
д CH3CHp CHa К 
С == СНС 
\ FER T E 
С H C=O HoC—C Cl 
/ 
a CH5CH3 
Cyclopentanecarbony| ( E)-2-Methyl-2- 3-FithyI-3-butenoyl 
chloride pentenoyl chloride chloride 
(b) 
| P ^ 
Cx. CH3CH2CH2C = CCH;C, HoC— CHCH — CHO, 
NH 
£ NH N(CH)» 


H-Cyclohexenecarboxamide 


3-Heptynamide 


N.N-Dimethyl- 
2 A-pentadienamide 
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Nucleophilic Acyl Substitution Reactions 


21.48 д 
о 
(а) П. (Ph) gCuLi | 
ether 
(9) i 1. LiAIH 
CH4CH3CCI -te CH3CH5CH5OH 
2. H30 
! 1. 2 CH4MgBr | 
CH4CH5CCI ROSE сше CH4CH5C(CH4)o 
2. H4O 
О © 
(d) [ H40* [ 
снэсноса —— CH3CH»sCOH + на 


о О 
(е) || руга || 
yridine 
CH3CH2CCi + HO — —— —» CHaCH C—O 
О О 
n | NaOH 1 \ 


О Q 
———— 


|| 


21.49 The reagents in parts (a), (е), апа (g) don't react with methyl propanoate. 


(b) 9 | 
1. ЧАН, 
CH4CH5COCH4 зно? ^. CH3CHsCH20H + CH4OH 
QUS 
(c) Q OH 
| 1. 2 СНЗМаВг | 
CH4CH5COCH; 2—9 CH3CHaC(CH3)5 * CH40H 
2. НО 
(d) 0 + 


H40 H 
CH3CHsCOCH, — — = CHCH COH + CH4OH 


(f) О о H 
|} И | 
CH3CH5COCHsa + HN —— CH4CH5C — N 
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21.50 The reagents in parts (a). (е), (D. and (=) don't react with propanamide. 


(b) n | 
ПАНЫ 
СНаСН>СМНЬ CH4CH5CHANH» 
2. H20 
(c) ү 
| 1, CH3MgBr Д 
CH3CH2CNH> А 9 CH3CHsCNHa + CH4 
2. HO 
(d) T H.07 || 
сИзСНьСмн‚ 3. CH4CH3COH + NH,* 


21.51 Dimethyl carbonate is a diester. Use your knowledge of the Grignard reaction to work 
your way through this problem. 


~ = Жө: == Гм 
(со ? OR, ‚мови О: 
e К. | “| 
сно 7 “осн; сњ OCH3 : v, OCHs + OCH} 
i : elimina- | 
"MgBr addition of ‘tion of XE " 
22 Grignard 1 _ methoxide МВ: 
| rcaeent addition of 
ANN Grignard 
| reagent 
C r CT 
| :0: AOH "MgBr | 
NII | A | 


| C 
_ : | OCH4 
OCH4 * i т 
i elimination | 
-A ŻMgBr oof methoxide: Z 


i 


addition of 
Grignard 
reagent 


*MgBr 


| + 
ое 


Triphenylmethznal 
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The overall reaction consists of three additions of phenylmagnesium bromide, two 
eliminations of methoxide and one protonation. 


21.52 
(a) 


(b) 


(с) 


(4) 


(е) 


(f) 


(g) 


(h) 


(i) 


CH,CH,CH,CO,H — 8 > CH,CH,CH,CH,OH 


2. H,O 


CH,CH,CH,CH,OH “> CH.CH,CH,CHO 


CH;Cl, 


from (a) 


CH,CH,CH,CH,OH — > CH,CH,CH,CH,Br 


from (a) 


CH,CH,CH,CH,Br—““ > CH,CH,CH,CH,CN 
from (c) 


CH,CH,CH,CH,Br 99%: ,CH.CH,CH2CH, 


from (c) 
H40* 
CH4CH3CH9CHSCN —— — 5 CH4CHSCHSCH3COSH 
Irom (d) | $0СЬ 
2 
CH4CH5CH5CHS,CONHCHs Prise CH4CH9CH35CH5COCI 
П 
снзснсньсньсм 1 C SMSEr _ e. cu CH; CH; CCH; 
from (d) eg 
SOCI; 
CHa3CH5CH5CO5H a CHa4CH5CH5COCI 
Cats 
AlCl ү Ñ 
CH54CH5CHa3CH4 CCH5CH2CH3 
Ho, Pd/C 
Ae 
SOCI> 2 NH3 
CH4CH5CH5CO5H А CH4CH3CH5COCI = CHa4CH5CH5CONH» 


| soci, 
$02 + 2 HCI + CH4CH5CH5CN 
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EE 
c Cw 
[o OCH;CHg 1. CH3CH,MgBr CHCH 
+ » 
“р + CH3CH,0H 
CHa О 
(b) T 1. DIBAH i | 
ш йы Dot CHaCHCH;CH,CH + снзон 
- Hg 
ji ji 
(c) C. С 
or Cl 2CH9NHo _ c NHCH, 
(d) COH Pes 
T CH3 E EE 
H 
qtia ©На 


О 
HoC— CHCHCH2COCHg wap н.с=снснсн,сн,он + CH4OH 


о. -CH3 i 
__(CH3CO)0 › n + CH,CO- 
pyridine — о 
СОМН» СН МН» 
| ЕТИ УШ т; 
ac SOC _ Фа сос 
Вг 


21.54 The reactivity of esters т saponification reactions is influenced by steric factors. 
Branching in both the acyl and alkyl portions of an ester hinders attack of the hydroxide 
nucleophile. This effect is less dramatic in the alkyl portion of the ester than in the acyl 
portion because alkyl branching is one atom farther away from the site of attack, but it is 
still significant. 


(f) 
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Most reactive ——————————+= Least reactive 


O CH 
TÉ M: 


|| 1 li 
CH3 CH3 
Ha 0 
С 
^он 


2 4.6-Trimethylbenzoic acid 


2,4,6-Trimethylbenzoic acid has two methyl groups ortho to the carboxylic acid 
functional group. These bulky methyl groups block the approach of the alcohol and 
prevent esterification from occurring under Fischer esterification conditions. A possible 
route to the methyl estcr: 


Hs Q Hs 9 
Cx Cw 
OH — 1, NaOH OCH3 
ie 
2. CHa! 
HaC CH3 Нас CH3 


This route succeeds because reaction occurs farther away from the site of steric 
hindrance. It is also possible to form the acid chloride of 2,4,6-trimethylbenzoic acid and 
react it with methanol and pyridine. 
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21.56 
(a) 9 
.CCH3 
CH3COCI di 
—Á— n ue | 
AICI, Ху. 
(b) б 
Вг МаВг СОН 
Mg 1. CO2 5081, 
2. H4O* 
onc. OH (enu 
CHCH, 
Ж | сюз 
tt м 
EN H40* 
О О о О 
(c) Îl | Îl [ 
сс! CCH, 
——> 


Reaction of an ester with Grignard reagent produces a tertiary alcohol, not а 


ketone. 
(d) " 
CN CCH; 
1.снумовг [Сү 
— м 
2. H30* ч 
(е) ОН 9 
CH= Cte CHCH3 CCH; 


@ 1. НФОАе)о НО _ Ё | СО» 
———— M» 
2 мв 7 SN H,0* 
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21.57 | 
NH2 | NH? 
| 
| la 
| | 07 So Ni 
x) | UR Aj | 
O-—H | О М H C 
О. 


Step 1: Тһе carboxylic acid protonates DCC. 
Step2: Тһе carboxylate oxygen adds to DCC to form a reactive intermediate. 


Step 3: The amine nitrogen adds to the carbonyl group to yield a tetrahedral 
intermediate. 


Step4: The intermediate loses dicyclohexylurea to produce the lactam. 
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21.58 " 
у ж eH il 
9; H DH он 
С -—— C =” С 
Зосньснз 1. (7 wOCHoCHs 2. X QCH5CH5 
| | OCH 
S и P2 
s е H 
HOCH; 
HA D. | 3. 
:О: | о HOCH?CH3 лон 
H + ы 
C —= С —= QE 
“OCH3 5. | “осн 4. \ QCH2CH3 
ОСНз 
Step 1: Protonation. 
Step 2: Addition of methanol. 
Step 3: Proton transfer. 
Step 4: Loss of ethanol. 
Step 5: Deprotonation. 
In acidic methanol, the ethyl ester reacts by a nucleophilic acyl substitution mechanism to 
yield a methyl ester. The equilibrium favors the methyl ester because of the large excess 
of methanol present. 
21.59 
Сх | Л 
E a м | | 0 
“ну “Мз 
„С > =” | A CK N i „С Ы 
(СНз)зСО Cl | (CHg)300 ca (CH3)40O № 
addition ^ 7T > elimination + € 
of azide of chloride 


This reaction is a typical nucleophilic acyl substitution reaction, with azide as the 
nucleophile and chloride as the leaving group. 
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Step-Growth Polymers 


21.60 Stepi: Water opens the caprolactam ring to form the amino acid intermediate. 


"à "dn гон» 

№ 06 

c= MT =” PIS up — —— — 
ноа! = proton 2 ring 
of water shifl opening 


Step2: Reaction of the intermediate with а second molecule of caprolactam forms а 


dimer 
dem p | à H n Ed 
— | 
^ N í H2N(CH2)50, hum | Y 2N(CHaC 
RT — | СЛ... 
КА; ш addition o£ amino. : 70: он 
group Lo carbonyl : 
group | | proton shift 
| H 
v A O 
H О ND у E 
| 5 V, N(CHa)sC 
HaoN(CHa)sC — МСН>)5С о: 
А + о ^O: OH 
OH "ng f irs 


opening 


Steps 3 and beyond: Reaction of the dimer with caprolactam. This process repeats itself 
many, many times until the polymer stops growing. Remember that each new bond is 
formed in a discrete step. Heat forces the equilibrium in the direction of polymer 


formation. 
О 
» | И 
НЕО онат nylon 6 
n 


H 
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21.61 Look for the monomer units, which are difunctional compounds, in the polymer. 


1o | 
HOC(CH2)gCOH + а jo. 


| 


О О 
Д Д т 
-CC(CHg)gC — NH 20 jo wi Qiana + 2n H20 


21.62 Hydroxide opens the lactone ring, and the resulting anion can add to a second lactone 
molecule to produce a polyester. 


ae ] 
r ON о 
HO: | z 


N 


› 


к А б 
EM 
HOCCH;CH5O: | | 


т. а 


J 


i Il il О: 
HOCCHCH20 — CCH5CH50" --—— ——— HOCCH3CH502* 5: 
| "| ` 


repeat many times 


|) 1 Е 
-L ссн,сно — ссньсньо —— 
\ /n 


21.63 The polyimide pictured is a step-growth polymer of a benzene tetracarboxylic acid and an 
aromatic diamine. 


О 
|| i 
HOC COH 
"M үе | .4-Benzenediamine о P 
о О \ / 

и ^ C. sy 
|.2.4.5-Benzene- К \ 
tetracarboxylic acid “ON N 7 

, ` № d An 
{i Y 
о ое O 
à polyimide + Эл НО 
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Spectroscopy 


715 


21.64 ln some of these pairs, IR spectroscopy alone can differentiate between the isomers. For 


21.65 


others, either 'H NMR or a combination of 'H NMR and IR data is necessary. 


(a) О I 
CH3CHa3CNHCH4 CH4CN(CH3)o 
N-Methylpropanamide NN-Dimethylaecctamide 
IR: 1680 em ^! 1650 cm™! 
(N-substituted amide) (N N-disubstituted amide) 
Н NMR: — one methyl] group three methyl groups 


one ethyl eroup 


(b) Q 
HOCH CHCHCH C = N <> CNH» 
5-Hydros ypentanenitrile C velobutanecarbosamide 
IR: 3300-3400 em! 1090 em! 
(hydroxyl) (Gunide) 
2250 em7! 
(nitrile) 
(c) 0 n 
CICHoCH4CHSCOH CH3O0CH,CH,CC! 
4-Chloropentanoie acid 3-Methosypropanoy! chloride 
IR: 2500-3300 ст! 1810 спут! 
(hydroxyl) (carboxylic acid chloride) 
1710 смт! 
(carboxylic avid) 
(9) 
CH34CH5COCH;CH4 CH4COCH4CH5CH3 
Ethyl propanoate Propyl acetate 
Н ММК: vwo triplets one singlet 
two quartets one triplet 


one quartet 
one multiplet 


The IR spectrum indicates that this compound has a carbonyl group. 


Cio = 1.095 

| H A t 
CH3CHCOCH; EN 
a c b c= 44] a 
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21.66 


Chapter 21 
(a) t (b) О 
NzCCHSCOCH5CH4 CH4CH5CH5CCI 
b са a с 
a= 1.326 a= 1.00% 
b= 3516 bz 1.754 
c= 4.275 с =. 286 


General Problems 


21.67 


21.68 


21.69 


A negatively charged tetrahedral intermediate is formed when the nucleophile OH 
attacks the carbonyl carbon of an ester. An electron-withdrawing substituent can stabilize 
this negatively charged tetrahedral intermediate and increase the rate of reaction. 
(Contrast this effect with substituent effects in electrophilic aromatic substitution, in 
which positive charge developed in the intermediate is stabilized by electron-donating 
substituents.) Substituents that are deactivating in electrophilic aromatic substitution are 
activating in ester hydrolysis, as the observed reactivity order shows. The substituents — 
CN and -CHO are electron-withdrawing; -NH: ts strongly electron-donating. 


Most reactive д, реак reactive 
Y =-NỌ, > -C = N > -CHO > -Br > -H > -CH, > -OCH, > - NH, 


CS г .. = 
10; ; Mor OH 
IT i | ' | 
С M ow DI Cw 
R~ 4 OH H' 4, ОН, R 1 он 
ica] но: | HO 
н,0: T 


The tetrahedral intermediate T can eliminate any one of the three -OH groups to reform 
either the original carboxylic acid or labeled carboxylic acid. Further reaction of water 
with mono-labeled carboxylic acid leads to the doubly labeled product. 


180 Q 
! 18 18 CH4CH3COCI Й 18 
CH.C—OH 1-8 e chch oH O9 27 CH3CH5C — OCH CH, + H2O 
2. Н5О Pyridine j 


alis | propimoate 


Remember that the '*O label appears in both oxygens of the acetic acid starting material. 
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Carboxylic Acid Derivatives: Nucleophilic Acyl Substitution Reactions 


717 


(а) " 
Fs d EA ON 
T Ho SR 1 р Д — H* [4 sts 
G "x м =" — C ~~ ы 
F4C^ ~OCOCF, Fac” \ Q* "^R во e 
B OCOCF : C» OCOCF. 
addition ol 3 Joss ol 7 3 
carboxylic proton И | 
acid elimination of 
trilluoroacetate 
om 
особ * c c 
(b) The electron-withdrawing fluorine atoms polarize the carbonyl group, making it 
more reactive toward nucleophiles. 
(c) Because trifluoroacetate is a better leaving group than other carboxylate anions, the 


reaction proceeds as indicated. 


This synthesis requires a nuclcophilic aromatic substitution reaction, explained in Section 


16.7. 
NO» NO» NH» NHCOCH; 
(^ ^ бсо” 1. SnClz, H40* CH4COCI 
[ | —— — d —————— Án 
NS 2. OH NaOH 
| hd Nucleophilic Reduction Aminolysis 
F aromatic OC(CHa)4 of nitro O(CHg)s O(CH3)s 
substitution group Butacetin 


The amide can be formed by the reaction of acetyl chloride with the appropriate amine, 
which is produced by reduction of the nitro group of the starting material. A nucleophilic 
aromatic substitution of -F by -OC(CHs) can take place because the ring has ап 
electron-withdrawing nitro group para to the site of substitution. Acetic anhydride can 


also be used to acetylate the aminc. 
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21.72 
О d 2 
HO Д ux | 
S062 Phenol _ ld | 
Formation of Estevification SS 1. ЗпСіо. Hg” 
acid chloride 2, OH 
№02 | Reduction 
of miro group 
О б^ О 
HO 
Phenyl 4-iminosalicy ие 
NH» 
21.73 
H3C Br H4C MgBr HaC 22 COH 
Mg. ether 1. СО2 | 
——_ aa —-———— TT 
2. НЗО X 
Grignard | 50С 
carboxylation НОЯ 
9 of acid chloride 
нс СМ(Сн»ОН») H4C COCI 
NZ | IUE HN(CH&CHya ^ “2 
чё aM 
SL Мон uM 
N.N-Dieths[-1-toluamide formation of amide 
Grignard carboxylation yields m-methylbenzoic acid, which can be converted to an acid 
chloride and treated with diethylamine to produce the amide. 
21.74 
COH CO;H Сон нос H 
зо Exess 
Teco me 


CH38r CH5NH» н CHaNH; 
Tranexamic acid 
Using a rhodium catalyst, the aromatic ring is hydrogenated to form the cis-substituted 
cyclohexane, which is converted to the trans isomer by heating to 300*. The nitrile 


starting material is hydrolyzed to form à carboxylic acid, and the methyl group is 
brominated and treated with ammonia to form the amine. 
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PUR P wars 
21.75 (a) НС —N LN: = Н2С —N =N: 


Resonance forms show that the carbon of diazomethane is basic, and reaction with 
an acid can occur to form a methyldiazonium ion. 


| der [ 
„Сун НСМ М: ———> C e- + Ону—М=М 
(b) 
O 
li AN + || 
C. СНз r NEN: = C + N 
R^ ^0: m R^ “осн  * 


Ап Sn2 reaction takes place in which the carboxylate ion displaces № as the leaving 
group to form the methyl ester. 


1 T ji 
Me + HOCH3CHCH5OH 


21.76 


Dimethyl terephthalate E Glycerol 
d li 
ен ңе бони (007 = 
er |: о= c 
о T О x 


+-осбноно с роны «У 


The product of the reaction of dimethyl terephthalate with glycerol has а high degree of 
cross-linking and is more rigid than Dacron. 
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21.77 
о 9 (b) С 
CH4COCH(CH4)o CH-CHCOCH,5CH4 
b с а e c b a 
а= 1.221 а= 1.325 
= 2015 Wes b= 4240 
= 499» а c= 64109 
d= 7.36. 749 0 
e= 7680 
21.78 
(a) оо (b) 9 
CH4CH50CCH2COCH»2CH3 CICH2CHoCOCHZCH 3 
а с b са c b d a 
a= 1.27% а= 1268 
bz 3.340 b= 2.77 
c= 420% с = 3768 
а = 4.19 


21.79 Ethyl 4-cyanobenzoate 


21.80 Ethyl levulinate (ethyl 4-oxopentanoatc) 


Y^ es 


о 


21.81 Мое: The final step in the formation of an amide in each case is deprotonation. The 
amine that serves as the nucleophile in the reaction will also react as a base and form an 
unreactive ammonium salt. If a base strong enough to deprotonate the ammonium salt is 
present, then the amine will bc deprotoned and free to react as a nucleophile. The pK ап 
ammonium ion is approximately 10. For an acid chloride, chloride ion is not a strong 
enough base to deprotonate an ammonium ion (the рАз of HCl is -5) so a second mole of 
base is needed to complete the reaction. In the case of an ester, an alkoxide leaving group 
is generated. An alkoxide is a strong enough base to deprotonate an ammonium ion (the 
pKa of an alcohol is approximately 16). Thus, the reaction does not require any 
additional base. 
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• О * Е о s 
Ф Ф + 
1 
i Xi | non-nucleophilic 


ammonium salt 


21.82 Addition of the triamine causes formation of cross-links between prepolymer chains. 


NU p кл 
Синен НЫН, 19 202. - \- OCH CHCH% 7 
=N CH3 
M 
CHo 


| 
—N OH 


Pe у г м 
à CH3 id 
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Review Unit 8: Carbonyl Compounds 1 - Reaction at the Carbonyl Group 


Major Topics Covered (with vocabulary); 


Aldehvdes and ketones: 

-carbaldehyde acyl group acetyl group formyl group benzoyl group hydrate 
Reactions of aldehydes and ketones: 

nucleophilic addition reaction gem diol cyanohydrin imine enamine —carbinolaminc 
2,4-dinitrophenylhydrazone Wolff-Kishner reaction acetal hemiacetal Wittig reaction 
ylide betaine Cannizzaro reaction conjugate addition — a, p-unsaturated carbonyl compound 
Carboxylic acids and their derivatives: 

carboxylation carboxylic acid derivative acidhalide acid anhydride amide ester 
nitrile-carbonitrile 

Reactions of carboxylic acids and their derivatives: 

nucleophilic acyl substitution hydrolysis alcoholysis aminolysis Fischer 
esterification reaction lactone saponification DIBAH lactam thiol ester acyl 
phosphate polyamide polyester step-growth polymer — chain-growth polymer nylon 


Types of Problems: 
Afier studying these chapters vou should be able to: 


— Мате and draw aldehydes, ketones, carboxylic acids and their derivatives. 

— Prepare all of these compounds. 

— Explain the reactivity difference between aldehydes and ketones and between carboxylic 
acids and all their derivatives. 

— . Calculate dissociation constants of carboxylic acids, and predict the relative acidities of 
substituted carboxylic acids. 

— Formulate mechanisms for reactions related to the reactions we have studied. 

— Predict the products of the reactions for all functional groups we have studied. 

— . Use spectroscopic techniques to identify these compounds. 

— Draw representative segments of step-growth polymers. 


Points to Remember: 


* In all of these reactions, a nucleophile adds to a positively polarized carbonyl carbon to 
form a tetrahedral intermediate. There are three possible fates for the tetrahedral 
intermediate: (1) The intermediate сап be protonated, as occurs in Grignard reactions, 
reductions, and cyanohydrin formation. (2) The intermediate can lose water (or ОН), as 
happens in imine and enamine formation. (3) The intermediate can lose a leaving group, as 
occurs in most reactions of carboxylic acid derivatives. 


* 


Many of the reactions in these three chapters require acid or base catalysis. An acid 
catalyst, protonates the carbonyl oxygen, making the carbonyl carbon more reactive toward 
nucleophiles, and/or protonates the tetrahedral intermediate, making loss of a leaving group 
easier. A basc catalyst deprotonates the nuclcophile, making it more nucleophilic. The pH 
optimum for thesc reactions is a compromise between the two needs. 
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* Here are a few reminders for drawing the mechanisms of nucleophilic addition and 
substitution reactions. (1) When a rcaction is acid-catalyzed, none of the intermediates are 
negatively charged, although, occasionally, a few may be neutral. Check your mechanisms 
for charge balance. (2) Make sure you have drawn arrows correctly. The point of the arrow 
shows the new location of the electron pair at the base of the arrow. (3) In a polar reaction, 
two arrows never point at each other. If you find two arrows pointing at each other, redraw 
the mechanism. 


* Reactions of acyl halides arc almost always carried out with an equivalent of base present. 
The base is used to scavenge the protons produced when a nucleophile adds to an асу] 
halide. If base were not present, hydrogen ions would protonate the nucleophile and make 
it unreactive. 


* The products of acidic cleavage of an amide are a carboxylic acid and a protonated amine. 
The products of basic cleavage of an amide are a carboxylate anion and an amine. 


* _ І some of the mechanisms shown in the answers, a series of protonations and 
deprotonations occur. These steps convert the initial tetrahedral intermediate into an 
intermediate that more easily loses a leaving group. These deprotonations may be brought 
about by the solvent, by the conjugate base of the catalyst, by other molecules of the 
carbonyl compound or may occur intramolecularly. When a "proton transfer” is shown as 
part of a mechanism, the base that removes the proton has often not been shown. However, 
it is implied that the proton transfer is assisted by a base: the proton doesn't fly off the 
intermediate unassisted. 


* The most useful spectroscopic information for identifying carbonyl compounds comes 
from IR spectroscopy and "C NMR spectroscopy. Carbonyl groups have distinctive 
identifying absorptions in their infrared spectra. С NMR is also useful for identifying 
aldehydes, ketones, and nitriles, although other groups are harder to distinguish. The ‘Н 
NMR absorptions of aldehydes and carboxylic acids are also significant. Look at mass 
spectra for McLafferty rearrangements and alpha-cleavage reactions of aldehydes and 
ketones. 
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Review Unit 8 


Self-Test: 


CH, А A B 
Jasmone H^ Хо Erythrocentaurin 
(used in perfumery) (a bitter tonic} 


Predict the products of the reaction of A with: (a) LiAlHa, then НзО*; (b) CeHsMgBr, then 
H0"; (c) (CH3)2NH, НзО*; (d) СНзОН, Н? catalyst (е) (СоН5)зР*—СН2-; (f) 1 equiv. 
CH3CH2NH2, НзО*. How would you reduce A to yield а saturated hydrocarbon? Where 
would you expect the carbonyl absorption of A to occur in its IR spectrum? 


Predict the products of B with the reagents (a) - (d) above. What product(s) would be 
formed if B was treated with Brz, ЕеВгз? Where do the carbonyl absorptions occur in the 
IR spectrum of B? Describe the HC NMR spectrum of B. 


о COCHs 
зонд ү ©нзО OH 
OH 
C D о NHCOCHCH^CH3 E 
Kethoxal | | en OCH3 
(antiviral) Tulocrotine 3 Xanthox vlin 


Kethoxal (C) exists in solution as an equilibrium mixture. With what compound is it in 
equilibrtum. Why does the equilibrium lie on the side of kethoxal? 


Identify the carboxylic acid derivatives present in D. Show the products of treatment of D 
with (a) OH, H20 (b) LiAIHs, then H20. 


Name E. Describe the IR spectrum and 'H NMR spectrum of E. 
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Multiple Choice: 


l. 


ко 


In which of the following nucleophilic addition reactions does the equilibrium lie on the 
side of the produets? 

(a) Propanal + НСМ 

(b) Acetone + Н2О 

(с)  Acetaldehyde + HBr 

(d) 2,2,4,4- Tetramethy]-3-pentanone + HCN 


Which aicohol can be formed by three different combinations of carbonyl compound + 
Grignard reagent? 

(a) 2-Butanol 

(b) 3-Methyl-3-hexanol 

(c) Trphenylmethanol 

(d) 1-Phenylethanol 


A nitrile can be converted to all of the following except: 

(a) analdehyde 

(b) anamide 

(c) auamine 

(d) А nitrile can be converted to all of the above compounds. 


Which of the following p- substituted benzoic acids is the least acidic? 
(a CH3:COCsHsCO2H 

(b  CH3OCeH:COo?H 

(c) BrCsHsCO2H 

(d) NCCsHsCO2H 


A carboxylic acid can be reduced by all of the following except: 
(а) LiAI]H4, then H3O* 

(b) ВН», THF, then H:O* 

(c) NaBHa, then H307 

(d) АЛ of these reagents can reduce a carboxylic acid. 


Which of the following carboxylic acids can be formed by both Grignard carboxylation and 
by nitrile hydrolysis? 

(a) Phenylacetic acid 

(b) Benzoic acid 

(c) Trimethylacetic acid 

(d) 3-Butynoic acid 


Acid anhydrides are used mainly for: 
(a) synthesizing carboxylic acids 
(b) forming alcohols 

(c) introducing acetyl groups 

(d) forming aldehydes 
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8. А ketone is formed from an acid halide by reaction with: 


(a  DIBAH 
(b) LiAI]H4 
(c) RMgBr 


(d) (CH3CH2)CuLi 


9. From which carboxylic acid derivative can you form a ketone as the product of a Grignard 


reaction? 

(a) acid chloride 
(b) ester 

(c) nitrile 

(d) amide 


10. Ап infrared absorption at 1650 ст”! indicates the presence of: 
(a) aromatic acid chloride 
(b) N,N-disubstituted amide 
(c) a,B-unsaturated ketone 
(d) aromatic ester 
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Chapter Outline 


Г. Keto-enol tautomerism (Section 22.1). 
А. Nature of tautomerism. 


l. 


о 


Carbonyl compounds with hydrogens bonded to their а carbons equilibrate with their 

corresponding enols. 

This rapid equilibration is called tautomerism, and the individual isomers are 
tautomers. 

Unlike resonance forms, tautomers are isomers. 

Despite the fact that very little of the enol isomer is present at room temperature, 

enols are very important because they are reactive. 


B. Mechanism of tautomerism. 


In acid-catalyzed enolization, the carbonyl carbon is protonated to form an 
intermediate that can lose a hydrogen from its а carbon to yield a neutral enol. 


In base-catalyzed enol formation, an acid-base reaction occurs between a base and an 
a hydrogen. 

а. The resultant enolate ion is protonated to yield an cnol. 

b. Protonation can occur either on carbon or on oxygen. 

c. Only hydrogens on the а positions of carbonyl compounds are acidic. 


П. Enols (Sections 22.2-22.4). 
А. Reactivity of enols (Section 22.2). 


1. 


The electron-rich double bonds of enols cause them to behave as nucleophiles. 
a. The electron-donating enol -OH groups make enols more reactive than alkenes. 


2. When an enol reacts with an electrophile, the initial adduct loses -H from oxygen to 


give an a-substituted carbonyl compound. 


B. Reactions of enols (Sections 22.3-22.4). 


1. 


Alpha halogenation of aldehydes and ketones (Section 22.3). 

a. Aldehydes and ketones can be halogenated at their a positions by reaction of X; 
in acidic solution. 
The reaction proceeds by acid-catalyzed formation of an enol intermediate. 
Halogen isn’t involved in the rate-limiting step: the rate doesn’t depend on the 
identity of the halogen, but only on [carbonyl] and ЕНГ]. 

d. a-Bromo ketones are useful in syntheses because they can be dehydrobrominated 
by base treatment to form a. ff-unsaturated ketones. 


2. Alpha-bromination of carboxylic acids (Section 22.4). 


a. In the Hell- Volhard-Zelinskii (HVZ) reaction, a mixture of Br» and РВиз can be 
used to brominate carboxylic acids in the a position. 

b. The initially formed acid bromide reacts with Bro to form ап a-bromo acid 
bromide, which is hydrolyzed by water to give the a-bromo carboxylic acid. 

c. The reaction proceeds through an acid bromide enol. 


III. Enolates (Sections 22.5—22.7). 
A. Enolate ion formation (Section 22.5). 
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1. Hydrogens alpha to a carbonyl group are weakly acidic. 


a. 


b. 


This acidity is due to overlap of a filled p orbital with the carbonyl group p 
orbitals, allowing the carbonyl group to stabilize the negative charge by 
resonance. 

The two resonance forms aren't equivalent: the form with the negative charge on 
oxygen is of lower energy. 


2. Strong bases are needed for enolate ion formation. 


a. 
b. 


Alkoxide ions are often too weak to use in enolate formation. 


Lithium diisopropyiamide can be used to form the enolates of many different 
carbonyl compounds. 


3. When a hydrogen is flanked by two carbonyl groups, it is much more acidic. 


а. 


Both carbonyl groups can stabilize the negative charge. 


B. Reactivity of enolate ions (Section 22.6). 
1. Enolates are more useful than enols for two reasons: 


a. 
b. 


Unlike enols, stable solutions of enolates are easily prepared. 
Enolates are more reactive than enols because they are more nucleophilic. 


2. Enolates can react either at carbon or at oxygen. 


a. 
b. 


Reaction at carbon yields an a-substituted carbonyl compound. 
Reaction at oxygen yields an enol derivative. 


C. Reactions of enolate ions (Sections 22.6—22,7). 
1. Base-promoted a-halogenation. 


а. 


Base-promoted halogenation of aldehydes and ketones proceeds readily because 
each halogen added makes the carbonyl compound more reactive. 


Consequently, polyhalogenated compounds are usually produced. 


This reaction ts only useful with methyl ketones, which form HCX3 when reacted 
with halogens. 


This rcaction is known as the haloform reaction. 
1. The HCX: is a solid that can be identified. 
и. The last step of the reaction involves a carbanion leaving group. 


2. Alkylation reactions of enolates (Section 22.7). 


a. 


General features. 

i Alkylations arc useful because they form a new C-C bond. 

ii. Alkylations have the same limitations as 5м2 reactions; the alkyl groups must 
be methyl, primary, allylic or benzylic. 

The malonic ester synthesis. 

i. The malonic ester synthesis is used for preparing a carboxylic acid from а 
halide while lengthening the chain by two carbon atoms. 

и. Diethyl malonate is useful because its enolate is easily prepared by reaction 
with sodium ethoxide. 

iii. Since diethyl malonate has two acidic hydrogens, two alkylations can take 
place. 
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iv. Heating in aqueous HCI causes hydrolysis and decarboxylation of the 
alkylated malonate to yield a substituted monocarboxylic acid. 
(a). Decarboxylations are common only to #-keto acids and malonic acids. 
v. Cycloalkanecarboxylic acids can also be prepared. 
c. The acetoacetic ester synthesis. 
i. The acetoacetic ester synthesis is used for converting an alkyl halide to a 
methyl ketone, while icngthening the carbon chain by 3 atoms. 
iL As with malonic ester, acetoacctic ester has two acidic hydrogens which are 
flanked by a ketone and an ester, and two alkylations can take place. 
iii. Heating in aqueous НСІ hydrolyzes the ester and decarboxylates the acid to 
yield the ketone. 
iv. Most #-Кеїо esters can undergo this type of reaction. 
d. Direct alkylation of kctones, esters, and nitriles. 
i. LDA in a nonprotic solvent can be used to convert the above compounds to 
their enolates. 
i. Alkylation of an unsymmetrical ketone leads to a mixture of products, but the 
major product is alkylated at the less hindered position. 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied oc duplicated, or posted to a publicly accessible website, in whole or in part. 


730 Chapter 22 


Solutions to Problems 


22.1-22.2 Acidic hydrogens in the keto form of each of these compounds are bold. One of 
these hydrogens is removed by base when an enolate is formed. 


Number of 


Keto Form Enol Form Acidic Hydrogens 
ш о он 4 
H H 
H H 
(b) 
О H 3 
| 7: 
"e^ “SCH "c^ “вон; 
нн H 
fel о H 
i j | 
H C 
bd “осн,сн; ^c^ “осн,снз 
H H H 
(d) H 2 
i T 
Кане um E а 
SN | 
H н H 


(e) 
e) Q QH 4 
C 


H „Н н С 

"c^ "o М 22 “он 

r | 

H H H 

(f) 
он. OH 5 
Q | tH | 
greet da aen c CS LH 

PN. {А | PN 7A i 

H HH H H H Нн H H H 


In (d) and (f), cis and trans enolates are possible. 
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22.3 
OH О OH 
— —— — —— 
О. OH ES | OH га 
a ч ———*? 
equivalent; equivalent; 
more stable less stable 


The first two monoenols are more stable because the enol double bond is conjugated with the 
carbonyl group. 


22.4 
+ 
D—OD NE 
| 2 | pat t 
\ A 10207 ^ m D :QD + 
Q | XY + HOD» 
С mm HY XC => 26 
нс“ 7 CHs p "CH; нс“ `онз 
deuteration нон loss of proton enol 
of earbonyl ^ at alpha position 
oxygen 
(s =: Ор - 
D—OD ^ р’ “00р. 
an er 9 
i {= ” 
роо фо ор. оше 
и, — D C | D C 
нс L^ "CH MA “сн, | pos “сна 
enol dewteration | T1 "s | H H 


of enol 


double bond loss of deuterium 


on carbonyl oxygen 


22.5  Alpha-bromination, followed by dehydration using pyridine, yields the enone below. 


i i T 
CH Br C CH4 pyridine „С CH 
ссн "G^ —— 9 сыен; "€^ ————- сонону "C^ ? 
Л СНзСО»Н А heat | 
НН H Br 


| -Penten-3-one 
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22.6 


22.7 


22.8 


Chapter 22 
О B О OH E 
H C — 3 
yd ^ oH Be “ву —»- E d "Br | 
н | CH(CH3)CH;CHs н  CH(CH4)CH5CHS cnolization CH(CH3)CH5CHs : 
formation Br | aipha- 
of acid bromide Y substitution 
| | i 
PS ыы, Bir Bis г<. p “в 
СА wig reaction | 


Methyl 2-bromo-3-methylpentanoite methanol 


The mechanism of the ester-forming step is a nucleophilic acyl substitution, which was 
described in Chapter 21. 


f А, 6/8 $^ ме 
VO О: 10: О 
il | ‘al } Н 
E See — | Bru “гъ Bru „бв Ве oes ocu; 
PY /\кбон  /\ еы ИХ 
HOCH addition i loss of elimination *Br 
of methanol “Base proton of bromide 


Hydrogens « to one carbonyl group (or nitrile) are weakly acidic. Hydrogens а to two 
carbonyl groups are much more acidic, but they are not as acidic as carboxylic acid 
protons. 


G) i (b) о (€) q 
Наб e C H H С H^ 
3 "c^ M (CH3)3C “cr Nor "o^ Ё 
ÁN X PON 
ПН H H H H most 
weakly acidic weakly acidic weakly acidic acidic 
(d) Я (e) СНЗСН2 (f) о 
Paye y ce И ыд. 
| Нн £N | 
å weakly acidic нн сн» 


weakly acidic weakly acidic 


Nitriles are weakly acidic because the nitrile anion can be stabilized by resonance 
involving the z bonds of the nitrile group. 


ньС—с=м: ж НСС М 
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22.9 Halogenation in acid medium is acid-cafalyzed because hydrogen ions are regenerated: 


£X / м 


Halogenation in basic medium is base-promoted because а stoichiometric amount of base 
is consumed: 


H С + en +; — X CB. + BH + X 
C 


22.10 The malonic ester synthesis converts a primary or secondary alkyl halide into a 
carboxylic acid with two more carbons (a substituted acetic acid). Identify the component 
that originates from malonic ester (the acid component). The rest of the molecule comes 
from the alkyl halide, which should be primary or methyl. 


(a) 
from halide 4 РСН» CH;COSH Dp [rom maionic ester 
1. Ма? ОЕ! 
CHa(COSED5 ———————= PhCH5— СН(СОоЕ > + NaBr 
2? 2. PRCH;Br 2 г 
| H30*, heat 
"m + СО. + 2 EtOH 
3-Phenytpropanoie acid 
(b) _ Pe, ic 
)CH3CH5CHaF- CHCOSH д trom malonic ester 
чи _ pu De LO. 
from halide СИЗ, 


1. Ма* СОЕ! 
CHa(CO>Et ae = СН.СНСН>—СНСО>ЕВЬ + NaB 
2(СО2Е 2 2. CH4CH>CH-Br aC HoCHs (СО»Е!)› аВг 
|> Ма” ОЕ! 


2. СНВ 


+ 
CH3CH2CHs = oe ee CH4CH5CH» x ЕВ + NaBr 


CH3 СНз 
2-Methylpentanoic acid 
+ СО» + 2 EtOH 
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(с) 


-——— 
- 
^ 
p 


irom malenic ester 


1. Na” ОЕ 
CH5(COSEQo —————————= (CHa CHCH — CH(COsSEt); + NaBr 
2. (СНд}ьСНСНәВг 
| НзО*, heat 
(CH4)9CHCHa — CH5CO5H * CO», * 2 EtOH 
4-Methylpentanoic acid 


22.11 Since malonic ester has only two acidic hydrogen atoms, it can be alkylated only two 
times. Formation of trialkylated acetic acids is thus not possible. 


22.12 


from malonic ester 


С < вд 


from halides 


CHo(COSE0) АЕ CON CHGCHCHs— CH(COsSEts + NaBr 
genere 2. CH3CHCH Br =) tiie ies 
| CHa] 1. Ма* СОЕ! 
CH 
3 2. CH3Br 
xD. 
CHaGHCH ~~ CHCO;H ЖҮ СНзСНСНЬ—-С(СОгЕђг + NaBr 
CHa сн CH, Он» 


2 4-Dimethylpentanoic acid 
+ CO + 2 EtOH 


22.13 As in the malonic ester synthesis, you should identify the structural fragments of the 
target compound. The acctoacetic ester synthesis converts an alkyl halide to a methyl 
ketone ("substituted acetone"). The methyl ketone component comes from acetoacetic 
ester; the other component comes from a halide. 
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(a) тамы 
ее ЖОЛЫ Е | 
[rom halide < {СНз)>СНСНЬ 4CH5CCHa// from acetoacetic ester 
i 1. Na’ СОЕ 
CH5CCH4 ; (CHa) CHCH» — CHCCHa4 * NaBr 
| 2. (CH3)9 CHCHSBr | 
СО2Е! COSEt 
| НЗО*, heat 
i 
(СНз)2СНСН» —CHaCCH3 + СО, + EtOH 
5-Methyl-2-hexanone 
(b) 


— r * 
„= -- i | ` 


from halide (CgHgCHoCHo УАСНССНУ/ [rom acetoacetic ester 


T к [ 
CHCCHg ete s e o e o + Мав 
| 2. CeH5CH2CH2Br | 
COSE! COSEt 


| НО“, heat 


CgHsCHaCHs — CHoCCHa + СО» + EtOH 


5-Phenyl-2-pentanone 


22.14 The acetoacetic ester synthesis can only be used for certain products: 


(1) Three carbons must originate from acetoacetic ester. In other words, compounds of 
the type RCOCHsS can't be synthesized by the reaction of RX with acetoacetic ester. 


(2) Alkyl halides must be primary or methyl. 


(3) The acetoacetic ester synthesis can’t be used to prepare compounds that are 
trisubstituted at the a position. 


(a) 5. 7: (b) т (с) 9 
C CH H3C C 
М3 С 3 EN 
с сн JA. cena 
a НС CH 
Phenylacetone Acetophenone 3 3-Dimethylbutan-2-one 


(a) Phenylacetone can't be produced by an acetoacetic ester synthesis because 
bromobenzene, the necessary halide, does not enter into 5м2 reactions. [See (2) 
above.] 
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(b) Acetophenone can't be produced by an acetoacetic ester synthesis. [See (1) above.] 


(c) 3,3-Dimethyl-2-butanone can't be prepared because it is trisubstituted at the a 
position. [See (3) above.] 


22.15 
0 О 


б 1.2 Na* СОЁ! | 
ОТВ С СО»Е! + 2 NaBr 
СО2Е! 


м 
2. ВСНоСНоСН>СНЫв н.с“ 


О 
| 


26 + СО) + EtOH 


22.16 Direct alkylation is used to introduce substituents a to an ester, ketone or nitrile. Look at 
the target molecule to identify these substituents. Alkylation is achieved by treating the 
starting material with LDA, followed by a primary halide. 


О о 
а 
(a) I 1. LDA T 
CH9CCH, — CHCCH3 
2. CH4I | 


3. Phenyl-2-butanone 


| НзО*, heat 


Alkylation occurs at the carbon next to the phenyl group because the phenyl group 
can help stabilize the cnolate anion intermediate. 


1. LDA 
(b  GH,CH,CHSCH;CN ——————>  CH4CHSCHaCHCN 
2. CH3CHol | 
CHCH, 
2-Fthylpentanenitrle 
(с) CHCH — CH; 
1. LDA 


MM 

2. ICH5CH — СН? 
e о 
2-Allvicyclohexanone 


(d) О 


t. excess LDA H4C CH3 
———————- 
2. excess СНз 


2.2.6.6-Tetramethy leyclohexanone 
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T i 


С „С 
"CH4CH4 1. LDA d ^" снн» 
2. CHgl б. Сн, 


Isopropyl phenyl ketene 


CH, о CH, О 
| I 1. LDA | |] 


2. СНСНЫ ls 
2CH3 


Methyl 2-ethyl-3-methylbutanoute 


Visualizing Chemistry 


22.17 (a) 


Check to sce if the target molecule is a methyl ketone or a substituted carboxylic 
acid. (The target molecule is a methyl ketone, and the reaction is an acetoacetic 
ester synthesis.) Next, identify the halide or halides that react with acetoacetic 
ester. (The halide is 1-bromo-3-methyl-2-butene.) Formulate the reaction, 
remembering to include a decarboxylation step. 


from halide {ČH3)2C = CHCHZ CH; COH, from acetoacetic ester 
CH i шы (снзуәС==СнСн—СнСОну + NaBr 
[277 3 2(CH45C-— CHCHeBr 32 AEN. 3 
СОРЕ! COSEt 
H4O*, heat 
i 


СО» + EIOH + (CH3)gC=CHCH, —CH2CCH, 
6-Methy1-5-hepten-2-one 
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(b) This product ts formed from the reaction of malonic ester with both benzyl bromide 


and bromomethane. 


< CgHsCHa- CHCO2H 


# 
- moe 


from halides +CH3> 


1. Nat СОЕ! 


uc с CgH5CH3Br 


trom malonic ester 


СёНёСН> XS CH(COSE 02 +  NaBr 


22.18 


22.19 


1. Nat СОЁ! 
2. CH3Br 


HaQ* 
heat 


СвНёСН2— pen NaBr 


CH3 
2-MethylI-3-phenyIpropanoie acid 


H H 
HO О Е О О n HO о 
> x Ў 
свитч 
í ] H,O a 


Ordinarily, f-diketones are acidic because they can form enolates that can be stabilized 
by delocalization over both carbonyl groups. In this case, loss of the proton at the 
bridgehead carbon doesn't occur because the strained ring system doesn't allow 
formation of the bridgehead double bond. Instead, enolization takes place in thc opposite 
direction, and the diketone resembles acetone, rather than a f-diketone, in it pXa and 
degree of dissociation. 


Coreta CMRE * 
CH, 
+ СО» + 2 EtOH 


Enolization can occur on only one side of the carbonyl group because of the two methyl 
groups on the other side. The circled axial hydrogen is more acidic because the p orbital 
that remains afler its removal is aligned for optimum overlap with the z electrons of the 
carbonyl oxygen. 
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Mechanism Problems 


22.20 (a) 
+ 
он HO catalyst 
———— 
TUN нг0 
Mechanism: 
{Он 


f) NOB, 


тот 7 =~ kl: = 


OH 


o 
+ 
НзО catalyst 
—— M n P d 
Ф 70 


Mechanism: 
И Ges SH X 
Gu * H3-0H; ло :OH 
| НО Sy *- H 
— — 
«— —— H ——_ 
"E OH m PW 
H 
Mechanism: 


Жун” 0 
5” = 


AA, 


1 
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(9) 


О 
OH catalyst 
———ъ 
Mechanism: 


22.21 (a) 


о 


Bro 
——— 
с ч CH3CO2H 


Mechanism: 


н). 


С 
о’ 


| 


Вг 


ОН 


зн 

Ag 
“or 

HH 


H 
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(b) 


о 
Cl» Cl 
—ы—_^ 
CH3CO;H 
Mechanism: EN e. 
"g 
QU RU н.) о: P Н 
i == ar — н 
H 
с 
— 
„== 
(с) 
o o 
l2 
CH4CO;H 
Mechanism: 
“6 “or 


07 cR PN P dd 
H a ey —= 
H H H H 
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(d) 


Ó о 
ES Br. 
CH3CO3H 


Mechanism: 


“oO 
+H Б. T 
ig SQ d. "S "^ E 30H 
0 


о: 
>. H H 
н H H 
“O° А Ваѕе 
:Br ATE Вг В: 
H H н W 
22.22 (a) 
о 
LÀ. 1. LDA 
a 
OCH3 
OCHs 2. CH3CH2Br 
CH2CH3 
Mechanism: 
"о 
5s ON Р 
S “бсн, 
22 A oe 
i) =e OCHs M OCH; 
- + H КАИ 
"T : is CH;CH ‘Br? 
bd d Li снн, 5; 2 3 Br 
(b) 
CH3 
SSi 1. LDA Sy 
2. CH3Br 
Mechanism: 
E Me н, H CH ТГ 
eNe- H H H ет 
üt Na М еч ë 
Su 
сх Cu .- 


м: CN 
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Q 1. LDA 
— 
8р: eee 2. PhCH?Br 


CH2Ph 
Mechanism: 
so’ 
^d T кы 
H H D A —— 
ue ц“ " ie CH2Ph ‘Br 


^ bd ore 


(d) 


p ios S 
——— 
2. CH3CHel H 
H 3 2 


Mechanism: 


AK Ке "o" 
н н e Б — 
b dd d H Guo Ss 


о 
т 
З 
о 
I 
[^] 
РР 
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22.23 (a) 


OH =O + со, 
CH3 
Mechanism: 


pratonation from front 


A HS n, —— 


“но, — 


protonation from behind H CH3 
Note: The product mixture wif! not be optically active, but a racemic mixture. During the 
reaction the chiral center becomes part of an achiral епо] intermediate. When the enol 
tautomerizes both enantiomeric ketones are formed in equal amounts. 


(b) 
+ 
Hs? + CO; 
í Heat 
н Ch 
Mechanism: 
^ * a 
LI * н... * "TI dn, . О а 
— — 


н с H CH, н CH; 


Note: A single, optically active product is formed in this reaction. The chiral center in the 
starting materia] is never involved in the mechanism, so it remains unchanged. 
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22.25 Note: Under acidic conditions, the ketone must form an enol that reacts with the halogen. 
The first step of enol formation is protonation of the carbonyl carbon. When there is a 
halogen a to the carbonyl, thc inductive effect created by the halogen removes electron 
density from the carbonyl oxygen making it more difficult to protonante. This makes the 
enol more difficult to form and thus inhibits formation of an enol. When the reaction is 
performed under basic conditions, the inductive effect of the halogen removes clectron 
removes electron density from the carbon to which it is attached, which in turn makes the 
proton attached to the same carbon more acidic. This facilitates formation of an enolate 
making the addition of a second halogen faster than the first. 


о: S2 ^H 
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22.26 
oi + 
co EY r 
Lo: HTOH2 í T OH 
ХА . < : 2 + H30* 
И H 
——— == 
protonation of abstraction 
carbony! oxygen of « proton enol 
p AH 
| +:0 V „Ону | ‚О: a 
+ НО 
^ i И -_ = —— 
— ОН | 
protonation loss of proton 
aty position on oxygen 
22.27 
| :0: 
H 
CHa ЖА CHg 
= н ~— H 
abstraction 
of » proton H H | 
d 
[ T HQ: i9: | 
++ Y = т, | 
H H 
> | 
| Cana, CH, C 
| _ abstraction protonation | 
a | of a proton H ate position: н H 


Mer 
H 
| 
io " 
СНз | CH 
| protonation H 
ат position H H 


АП protons in the five-membered ring can be exchanged by base treatment. 


£2 2016 Cengage Learning. AH Rights Reserved May nol be scanned. copied or duplicated, or postcd 10 a publicly accessible website. in whole or in part. 


Carbonyl Alpha-Substitution Reactions 747 


22.28 
2 ОЗРОСН» CH3 
20У 

р Ы вау 


№. Us 
H^ OH 


CH, 


22.29 Decarboxylation, which takes place because of the stability of the resulting anion, is 
followed by protonation. 


COs 
СО —= 
BUT О + СО» 
С 
НА | 
CO, 
+ A 
О 
HO 
22.30 { 
g `:Вазе 
| 
Р аР H. 40 
H4-C—OH |'H—G6—0H н—с1-о DOS 
“| =. ec Ж” eo ll <” | 
C=O» |; C—O 2 į C — OH 3, H—C —0OH 
<! А—Н eoo m 
= a! zi 
Muf 


Step 1: — Base-catalyzed enolization. 
Step 2: — Equilibration of two enolates by proton transfer. 


Step3: Protonation. 
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22.31 


22.32 


Chapter 22 


Step 1: — Loss of proton at the æ position. 
Step 2: Displacement of bromide. 

Step 3: Nuclcophilic addition of OH. 
Step 4: Ring opening. 

Step 5: Proton transfer. 

Step 6: Protonation. 


| О 
+ No 
————- 
nucleophilic addition bond migration 
of diazomethane and loss of No 


Laurene differs in stereochemical configuration from the observed product at the carbon 
a to the methylene group. Since this position is a to the carbonyl group in the precursor to 
laurene, enolization and isomerization must have occurred during the reaction. 
Isomerization of the ketone precursor is brought abuut Бу a reversible reaction with the 
basic Wittig reagent, which yields an equilibrium mixture of two diastereomeric ketones. 
One of the ketone isomers then reacts preferentially with the Wittig reagent to give only 
the observed product. 
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HC —PPhs 
—— — -— В 
Acid-base reaction | : 
СНз between the starting | Cha CHa | 
material and the Е 
Wittig reagent isomerization 
of enolate 
T HC —PPh 
^ + = 
Wittig CH3 2 3 
reaction --H 
— 
(Figure 19.13) КЁ 
CH3 
CH3 CH3 
22.34 4 
n 1 Nat TOEI EE | 
СнзСмнссо;е! Le CHSCNHCCOE! 
formation 
COset ot enolate 5 кы 
| сны alkylation 
o O HKC О 
i H4O*. heat ns "Pod 
H5NCHCOH CH4C 3- NHC —C ion 
| ester hydrolysis л Е 
CH3 amide hydrolysis 2 
Alanine decarbos vlation 


+ 2 EIOH + СО» + СНЗСО>Н 


Acid hydrolyzcs both ester bonds, as well as the amide bond, by mechanisms that were 
shown in Figure 21.8 and Section 21.6. Decarboxylation of the f-keto acid produces 
alanine. 
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22.35 
СН (СОЕ ла Ов. (CHa) CHCH-CH(COÈt 
2992802 (Сна HCH Br "e 2C ОЕ 
| НО". heat 
ў 
1. Bry. РВг 
(CH4)4CHCH5CHCO5H DE UN E (CH3)J4CHCHSCH5COoH + CO, + 2ЕЮН 
‚ He 
NH 
|n 
(CH3)2CHCH CHCOOH 
Leucine 


A malonic ester synthesis is used to form 4-methylpentanoic acid, Hell-Volhard- 
Zelinskii bromination of the acid, followed by reaction with ammonia, yields leucine. 
The last reaction is an Sn2 displacement of bromide by ammonia. 


CN о" © 


Carvone 


22.36 


Carvacrol 


Step 1: Protonation. 
Step2: Hydride shift. 
Step 3: — Deprotonation. 


Step 4: Enolization to form the aromatic ring. 
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Additional Problems 
Acidity of Carbonyl Compounds 
22.37 Acidic hydrogens are bold. The most acidic hydrogens аге the two between the carbonyl 


groups in (b) and the hydroxyl hydrogen in (c). The hydrogens in (c) that arc bonded to 
the methyl group arc acidic (draw resonance forms to prove it). 


(а) i э MP" © 7 
CH3CH2CHCCH; On о HOCH CHCC = SCH 
CH3 
H VH 
H H 
(d) СО;Снз (c) $ © ln 


UR CHgCH2CC= CHa 
CH;CN CX, Chg 


22.38 Check your answer by using the pXas in Table 22.1. 


Most Acidic 


Least Acidic 
"om il T 
| 

(CH4CH5)aNH < CH4CCH4 < CH4CH5OH < CH4CCHSCCH, < CH4CHSCOH < CCIHCOH 


22.39 


(a) Ө: :0: OF Ө: e 0: 
Go --E—— — C C = с, С 
нас” тс” "CH, нас” “с” "CH, Hac” тс” "CH, 
H H H 
DEN md Ua 
HC LC. SUC HQ. „С. „С. 9 HaC e Ca „С 
a xe `7 “сн; 2 `с* тс” CH3 риот Se^ “бн 
H H H H H 
(c) 0: о I :9: 
-N М № 
PLE 2С раг Ss ZU M PENIS po „© ч 
77 05 c^ “он; ^ on 
H H 
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o ў | | | 
ZN n- СНЗ peels С CHg Ca CHs 

= И == | — | 

10: 10: О :0: 


22.40 Enolization at the у position produces a conjugated enolate anion that is stabilized by 
delocalization of the negative charge over the л system of five atoms. 
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22.41 The illustrated compound, 1-phenyl-2-propenone, doesn't yield an anion when treated 
with base because the hydrogen on the с carbon is vinylic and isn't acidic (check Table 
22.1 for acidity constants). 


| -Phenyl-2-propenonc 


a-Substitution Reactions 


22.42 
(a) COH 
COH heat 
— + COs 
(b) 
2. 2 ui 
(c) РВгҳ Н20 
CH3CH5CH5CO;H ecce CH3CH2ÇHCOBr — e CH3CH2ÇHCOzH 
2 
В А Br B 
(d) 9 ? 
C C 
“CHa  ^OH. TOH H20 _ `o 
+ HCl, 
22.43 (а) " 
1.Na ОЕ 
CH^a(COSEt ———— m CHaCH»CHs— CH(COSEt + NaBr 
2(СО2Е 2 2. CH3CH;CHPBr зСН2СН2 (COZEt)a 
| НзО*, heat 
EtOH 
CH4CHoSCH5CH5COSEt —nMMÀ CH3CH5CH5CHoCO5H 
р Н? catalyst 
Ethyl pentanoate + CO, + 2 EtOH 
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(b) | 
1. Ма OEt 
CH5(COSEt CH4j9CH —CH(COSEt; + Мав 
2602202 2 (CH5)9CHBr (CHa)2 MICE те 
| H30*, heat 
EtOH 
(CH412CHCH5CO5Et CAS LIU (СНз}>СНСН>СО2Н 
Н catalyst 
Ethyl 3-methy!buianvate + CO, + 2 EtOH 
Some elimination product will also be formed. 
(c) 
ws (Hs 
in 1. Ма” ОЕ 
CH2(COzEt)2 1 М ОЕ сыен б б Кы. 2—5 CH4CHC(COSEt) 
2. СНзСН>Вг 2. СНаВ! 
+ NaBr + NaBr 
CHa CH, | H30, heat 
EtOH 
CH4CH5CHCOSEt -———- CH3CHCHCO H + СО» + 2 EtOH 
Н catalyst 


Fibs] 2-methylbutanoate 


(d) The malonic acid synthesis can't be used to synthesize carboxylic acids that are 
trisubstituted at the alpha position. 


22.44 Look back to Problem 22.14, which describes compounds that can be prepared by an 
acctoacetic ester synthesis. Neither (a) or (c) are products of an acetoacetic ester synthesis 
because the halide component that would be needed for each synthesis doesn't undergo 
SN2 reactions. Compound (b) can be prepared by the reaction of acctoacetic ester with 
1,5-dibromopentane. 


22.45 Two alkylations are needed if the target molecule has two alkyl groups a to the carbonyl 


group. 
3 CH Ж 1.2 Na ОЁ! (СНаСН>) AM Hoo (СН»СН») CHECH 
—— ie —> 
277 3 2.2 СНСНЫВ eyes heat 3722 3 
СОЕ! СО,Еї 3-Ethyl-2-pentanone 
* 2 MaBr + CO, + ЕЮН 
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1. Na! OE 
CHyCCHg Ма OFL—, cic cHsCHCCH, + NaBr 
| 2. СНСн»СНоВг | 
СО»Е! СОЕ! 
1. Nat СОЁ! 
2. CHaBr 
DNE "eT в 
CH4CH5CH5CH — CCHa "hes ава == CCH4 + NaBr 
3-Methyl-2-hexanone СО2Е{ 


+ СО; + EtOH 


22.46 Use а malonic ester synthesis if the product you want is an a-substituted carboxylic acid 
or derivative. Use an acctoacetic acid synthesis if the product you want is an a-substituted 


methyl ketone. 
(a) 1.2 Ма’ СОЁ! 
OEE 5575 СНВ 
(b) 
f 
+ — 
CHCCHa 1.2 Ма О 
| 2. BrCHs(CHa3)4 CHgBr 
COsSEt 
с 1.2 Ма’ “ОЁ! 
i CHo(COSEt)s 


2. BrCH;CH2CHSBr 


CHsC{COZEt +2 NaBr 


COSEt 


* со» m EIOH 


CE 
COJE? 
| нзО* , heal 


OT 
H 


+ СО» + 2 EtOH 
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(9) i 1 Ма’ OE! i 
СНССНа ————————— ——» НС==СНОНЬСНССНА + NaBr 
i 2 HC —CHCHoBr | 
СО»Е1 СОЕ 
| НО“. heat 
о 
|| 


HəC=CHCH2CH CCH; + CO, + EIOH 


22.47 The haloform reaction (Problem 22.254) is ав alpha-substitution reaction in which а 
methyl ketone is trihalogenated at the alpha position, and the trihalomethy! group is 
displaced by —OH. It is a test for methyl ketones. 


Positive haloform reaction: Negative haloform reaction: 
|| li 


22.48 First, treat geraniol with РВгз to form (CH3)2C=CHCH2CH2C(CH3)=CHCH2Br (geranyl 


bromide). 
(a) 
CH4CO,SEt Lors (CH4)5C = CHCH5CH5C(CH4) — CHCH4CH54CO^sEt 
wp 2. Geranyl 322 eur 2 3 Qu to 
bromide Ethyl ecranylacetate 
Alternatively: 
Na* ОЕ 


CH3(COsEt5 Эсим (СНз)2С = CHCH5CH5C(CH3) = CHCH5CH3(CO5EtI, 
bromide | НзО*. heat 


СО» + 2ЕЮН + (CH3)2C = СНСНСНС(СНза) ==СНСН>СН»СО>Н 
1. ЗОСЬ 
| 2. EtOH, pyridine 
(Сна) С = CHCH5CH2C(CH3) — CHCHsCH,»COSEt 


Ethyl geranylacetate 


(b) 
о 
CH Ссн ааш (СНз) 2С = CHCHoCH5C(CH4) — CHCH CHCH 
i ? 3 2 Geranyl 3/2 Quran 2] zs 
COEi bromide | НО", heat COSEt 
О 


Н 
СО» + EtOH ~  (CH3)2C = CHCH5CH5C(CH4) — CHCH5CH5CCH;, 


Geranylacctone 
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22.49 Dialkylation of diethylmalonate: 


БІОС. СОЕ EtO4C COSEt EtO4C СОЕ! 


t. Ма’ “ОЕ! 1 Ма’ ОЕ 
2. Н>РС=СНСНЫВ, \ 2.(Снз) CHBr \ 


хи 


Nucleophilic асу] substitution: 


9 
C (e O 
HaN^ “мн, | | 
a ^ С. + С р 
: | ном” ~NH3 :0:- н.м“ NH :0 
А N 7 NA, 
ЕОс SCL) —> ЕОС. С — EOC, „Са 
OEt OEt ОЕ! 
H* 
\ N N 
Q | О 
| И 
С 
"NT "NH HaN "NH 
o?" Em 4———— ЕО2С се. 
EtOH + 
Aprobarbital N N 


This series of steps is repeated to form the 6-membered ring. 
General Problems 


22.50 When a compound containing acidic hydrogen atoms is treated with NaOD іп D20, all 
acidic hydrogens are gradually replaced by deuterium atoms. For each proton (atomic 
weight 1) lost, a deuteron (atomic weight 2) is added. Since the molecular weight of 
cyclohexanone increases by four after NaOD/D20 treatment (from 98 to 102), 
cyclohexanone contains four acidic hydrogen atoms. 


о о 
n å NaOD, D5O 


H н {co D D 


22.51 Reaction of (R)-2-methylcyclohexanone with aqueous base is shown below. Reaction 
with aqueous acid procecds by a related mechanism through an enol, rather than an 
cnolate ion, intermediate. 
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22.52 


22.53 


22.54 


Chapter 22 
(m n eed | . 
VO к :OH | О + ОН 
J 4H Е | H 
--СНз | СНА 
— ——— | 
N 


{К 2- Methyleyclohexanone 


Carbon 2 loses its chirality when the enolate ion double bond is formed, Protonation 
occurs with equal probability from either side of the planar sp*-hybridized carbon 2, 
resulting in a racemic product. 


(S)-3-Methyleyclohexanone 


(S)-3-Methylcyclohexanone isn't racemized by base because its chirality center is not 
involved in the enolization reaction. 


The Hell-Volhard-Zclinskii reaction involves formation of an intermediate acid bromide 
enol, with loss of stereochemical configuration at the chirality center. Bromination of (R)- 
2-phenylpropanoic acid can occur from either face of the enol double bond, producing 
racemic 2-bromo-2-phenylpropanoic acid. If the molecule had a chirality center that 
didn't take part in enolization (Problem 22.35), the product would be optically active. 


О 
О CHa Q Q 
CO5CHs СОСН} CHa НС. A. СН 
E E EM * 


(a) Na” ОСН... then СПЕ (53 НО”. heat: te) ГОА. then СПИ (some 22. 
dimethyleyclohexanone may also be formed. 
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22.56 


22.57 


Ж 


Carbonyl Alpha-Substitution Reactions 


| 30: | :0: 
— ат 
—_— 
тон = 
све И мя _* “OH 
abstraction protonation 
of « proton at? position 


The enolate of 3-cyclohexenone can be protonated at three different positions. 
Protonation at the y position yields the a,-unsaturated ketone. 


Protons @ to a carbonyl group or y to an enone carbonyl group are acidic (Problem 
22.39). Thus for 2-methyl-2-cyclopentenone, protons at thc starred positions are acidic. 


О 
CH4 


* 


Isomerization of a 2-substituted 2-cyclohexenone to a 6-substituted 2-cyclohexenone 
requires removal of a proton from the 5-position of the 2-substituted isomer. Since 
protons in this position are not acidic, double bond isomerization does not occur. 


A nitroso compound is analogous to a carbonyl compound. If there are hydrogens o to the 


nitroso group, enolization similar to that observed for carbonyl compounds can occur, 


leading to formation of the more stable oxime. If no hydrogens are adjacent to the nitroso 


group, enolization to the oxime can’t occur, and the nitroso compound is stable. 


CX ы e en CY 

CH4OH CH3Br 
product 1. BH} THF _РВтз _ CY 
of (a) 2. а OH | 


Q 
ША, LDA 
2. CgHsCHpBr 
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22.59 


22.60 


22.61 


Chapter 22 
1 
ipe. +2 EtOH 
ara ‚ heat 
о e И алш, ees 


2. product of (b) 


HO CN COsH 


i Hao 
pU 


Warm aqucous acid both hydrolyzes the nitrile and dehydrates the alcohol. 


(f) Q О 
"pyridine, | 
т heat — 


Treatment of either the cis or trans isomer with base causes enolization о to the carbonyl 
group and results in loss of configuration at the a position. Reprotonation at carbon 2 
produces either of the diastereomeric 4-zert-butyl-2-methyleyclohexanones. In both 
diastereomers the tert-butyl group of carbon 4 occupies the equatorial position for steric 
reasons. The methyl group of the cis isomer is also equatorial, but the methyl group of the 
trans isomer is axial. The trans isomer is less stable because of 1,3-diaxial interactions of 
the methyl group with the ring hydrogens. 
_ P 
—— 
= СНС H 
H 
H — trans СНз 


(a) Reaction with Br» at the « position occurs only with aldehydes and ketones, not 
with esters. 


(b) Aryl halides can't be used in malonic ester syntheses because they don't undergo 
SN2 reactions. 


(c) The product of this reaction sequence, H3C-CHCH2CH2COCH,, is a methyl 
ketonc, not a carboxylic acid. 


The reaction of cyclohexanone and fert-butylmagnesium bromide gives the expected 
carbonyl addition product. The yield of the fert-butylmagnesium bromide addition 
product is very low, however, because of the difficulty of approach of the bulky tert- 
butyl Grignard reagent to the carbonyl carbon. More favorable is the acid-base reaction 
between the Grignard reagent and the acidic carbonyl с proton. 
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OQ: Y OMgBr 
MgBr 
ts P ——— + HC(CH4)3 
А M C(CH4) 


When D3O* is added to the reaction mixture, the deuterated kctone is produced. 


OMgBr О 
О 


22.62 
»* : Base 
.. CgHs—So--Cl Е = 4 
о son ES a +04 * © 
| HCI а [ | 
бен == ет ge АЕ с 


Step 1: ^ Acid-catalyzed enolization (Figure 22.1). 
Step 2: Attack of enol z electrons on phenylselenyl chloride, with loss of CT. 
Step 3: — Loss of proton. 


22.63 Start at the end of the sequence of reactions and work backwards. 


(a) Because the keto acid CoHi3NO: loses CO» on heating, it must be a f-kcto acid. 


Neglecting stereoisomerism, we can draw the structure of the f-keto acid as: 


COH < Сон сосна 
\ ОзСРһ 
о o M e 
keto acid Fegonine Cocaine 


(b) When ecgonine (CoHisNOs) is treated with CrOs, the keto acid CoH13NQ3 is 
produced. Since СгОз is used for oxidizing alcohols to carbonyl compounds, 


761 


ecgonine has the structure shown above. Again, the stereochemistry is unspecified. 


(c) Ecgonine contains carboxylic acid and alcohol functional groups. The other 


products of hydroxide treatment of cocaine are a carboxylic acid (benzoic acid) and 
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an alcohol (methanol). Cocaine thus contains two ester functional groups, which are 
saponified on reaction with hydroxide. 


The complete reaction sequence: 


COCH} COH 
+ CHOH 
OH HO _ я 
+ CgHsCOoH 
OsCPh 
cM Ecgonine 
E CrOs. H40* 
Hae Н.С — 
SOME H CO;H 
heat 
" COs a H 
Tropinene o ketoacid о 


22.64 The key step is an intramolecular alkylation reaction of the ketone a-carbon, with the 
tosylate in the second ring serving as the leaving group. 


о 


Ваѕе 


abstraction | А 
ofla proton | a АИ" 
" TosO Н 


| alkylation, with 


-QTos as a 
leaving group 


ice CHa 
3 HaC 
h^ * i 
HC —PPhg 
= 
b ый Wittig reaction » 
н н № + “OTos 


Sativene 
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22.65 This sequence resembles the one shown in Problem 22.49. 


EtOpC COSEt ЕОС СО»Е! 
1NaC ов 1. Ма” Он. 
Гс = = 
2. о и 2. ть 
S 
С s s 
ным” “мн, | | 
fà An JGN + T" „©. .» 
EtO.C SAL EtQ.C No EtO5C Ne T 
t — — Pé 
: " ^"OEt : $ `ОЕ! : $ "OEt 
H* 
| К | 
$: Na CIS ^B S 
| e 
ж.н 7 x 
HN^ SN: HN^ “м НМ МН 
| | = | << g | 
С С С С EtO5C Ca 


Sodium Pentothal 


The series of steps is repeated to form the 6-membered ring. 
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Chapter 23 — Carbonyl Condensation Reactions 


Chapter Outline 


I, The aldol reaction (Sections 23.1—23.6). 
А. Characteristics of the aldol reaction (Sections 23.1—23.2). 


l. 
2; 
3. 


The aldol condensation is a base-catalyzed dimerization of two aldehydes or ketones. 
The reaction can occur between two components that have a hydrogens. 


One component (the nucleophilic donor} is converted to its enolate and undergoes an 
a-substitution reaction. 


The other component (the electrophilic acceptor) undergoes nucleophilic addition. 


For simple aldehydes, the equilibrium favors the products, but for other aldehydes 
and ketones, the equilibrium favors the reactants. 


Carbonyl condensation reactions require only a catalytic amount of base (Section 
23.2). 
a. Alpha-substitution reactions, on the other hand, use one equivalent of base. 


B. Dehydration of aldol products (Section 23.3). 


Aldol products are easily dehydrated to yield a,f-unsaturated aldehydes and ketones. 

a. Dehydration is catalyzed by both acid and base. 

b. Reaction conditions for dehydration are only slightly more severe than for 
condensation. 

с. Often, dehydration products are isolated directly from condensation reactions. 

Conjugated enones are more stable than nonconjugated enones. 


Removal of the water byproduct drives the aldol equilibrium towards product 
formation. 


С. Aldol products (Sections 23.4—23.5). 


1. 


2: 


Using aldol reactions in synthesis (Section 23.4). 
a. Obvious aldol products are: 

i. a,f-Unsaturated aldehydes/ketones. 

ii. fP-Hydroxy aldehydes/ketones. 


b. Often, it's possible to work backwards from a compound that doesn't seem to 
resemble an aldol product and recognize aldol components. 


Mixed aldol reactions (23.5). 

a. Iftwo similar aldehydes/ketones react under aldol conditions, 4 products may be 
formed - two self-condensation products and two mixed products. 

b. A single product can be formed from two different components : 
i Ifonecarbonyl component has no a-hydrogens. 
ii. If one carbonyl compound is much more acidic than the other. 


D. Intramolecular aldol condensations (Section 23.6). 


1. 
2; 


Treatment of certain dicarbonyl compounds with base can lead to cyclic products. 


A mixture of cyclic products may result, but the more strain-free ring usually 
predominates. 


П. The Claisen condensation (Sections 23.7—23.9). 
A. Features of the Claisen condensation (Section 23.7). 
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Treatment of an ester with | equivalent of base yields a -keto ester. 
The reaction is reversible and has a mechanism similar to that of the aldol reaction. 


A major difference from the aidol condensation is the expulsion of an alkoxide ion 
from the tetrahedral intermediate of the initial Claisen adduct. 


4. Because the product is often acidic, one equivalent of base is needed; addition of this 
amount of base drives the reaction to completion. 


5. Addition of acid yields the final product. 
B Mixed Claisen condensations (Section 23.8). 
1. Mixed Claisen condensations of two different esters can succeed if one component 
has no a hydrogens. 


2. Mixed Claisen condensations between а ketone and an ester with no a hydrogens are 
also successful. 
C. intramolecular Claisen condensations: the Dieckmann cyclization (Section 23.9). 
1. The Dieckmann cyclization is used to form cyclic f-keto esters. 
а. l,6-Diesters form 5-membered rings. 
b. 1,7-Diesters form 6-membered rings. 
2. The mechanism is similar to the Claisen condensation mechanism. 
3. The product f-keto esters can be further alkylated. 
a. This is a good route to 2-substituted cyclopentanones and cyclohexanones. 
III. Other carbonyl condensation reactions (Sections 23.10—23.13). 
A. The Michael reaction (Section 23.10). 
1. The Michael reaction is the conjugate addition of an enolate to an a,f-unsaturated 
carbonyl compound. 
a. The highest-yielding reactions occur between stable enolates and unhindered a,f- 
unsaturated carbonyl compounds. 
2. Stable enolates are Michael donors, and a,f-unsaturated compounds are Michael 
acceptors. 
B. The Stork reaction (Section 23.11). 
1. А ketone that has been converted to an enamine can act as a Michael donor in a 
reaction known as the Stork reaction. 
2. The sequence of reactions in the Stork reaction: 
a. Enamine formation from a ketone. 
b. Michael-type addition to an a,f-unsaturated carbonyl compound. 
c. Enamine hydrolysis back to a ketone. 
3. This sequence is equivalent to the Michael addition of a ketone to an a,f-unsaturated 
carbonyl compound and vields a 1,5 diketone product. 
C. The Robinson annulation reaction (Section 23.12). 
1. The Robinson annulation reaction combines a Michael reaction with an 
intramolecular aldol condensation to synthesize substituted ring systems. 
2. The components are a nucleophilic donor, such as а f-keto ester, and an a.f- 
unsaturated ketone acceptor. 


fet {о — 
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3. The intermediate 1,5-diketone undergoes an intramolecular aldol condensation to 
yield a cyclohexenone. 


D. Biological carbonyl condensation reactions (Section 23.13). 
1. Many biomolecules are synthesized by carbonyl condensation reactions. 
2. The enzyme aldolase catalyzes the addition of a ketone enolate to an aldehyde. 


a. This mixed aldol reaction is successful because of the selectivity of enzyme 
catalysis. 


3. Acetyl CoA is the major building block for the synthesis of biomolecules. 
а. Acetyl CoA can act as an electrophilic acceptor by being attacked at its carbonyl 
group. 
b. Acetyl CoA can act as a nucleophilic donor by loss of its acidic о hydrogen. 
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Solutions to Problems 


23.1 (1) Form the enolate of one molecule of the carbonyl compound. 


Q 
a | 

CHSCHoCHCH + :0н === iQHOH + но 
>, CHCH; 


(2) Have the enolate attack the electrophilic carbonyl of the second molecule. 


E " 


К i 

CH4CH5CHoCH + а AM ud ER E 
еу 

Me CHaCH н CHCH} 


(3) Protonate the alkoxide oxygen. 


:0: о“ QR С 
онаснснос — енсн T CH3CH;CHC —CHCH + "OH 
| | 
н CH2CH3 н CH5CHg 


Practice writing out these steps for the other aldo] condensations. 


{a) See above. 


о 
(b) HO бнз 


23.2 


Онар ме" CH5CC Ha 


CH3 
4-Hydroxy-4-methy]-2-pentanone 


The steps for the reverse aldol are the reverse of those described in Problem 23.1. 
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(1) Deprotonate the alcohol oxygen. 
AOH 
E ONE. NN 
x. © 20% 
M f е 0 


Сн; —CH5CCH5 CLIE С. 
CH CH, 


(2) Eliminate the enolate anion. 
C +0: О С) О 
‘al il || | || 
снг каса LL —— CH3CCH, + :CHaCCHs 


3 


CH; 


(3) Reprotonate the enolate anion. 


M ll Il 
нон “—тбн;СОн; ЖЕ НОГ + бнуСОн» 


23.3 Asin Problem 23.1, align the two carbonyl compounds so that the location of the new 
bond is apparent. After drawing the addition product, form the conjugated enone product 
by dehydration. In parts (b) and (c), a mixture of E,Z isomers may be formed. 


к - А 
Мар. | OH О | ae 
[Des 28S : ZH + H20 
Е. : 
7 О “©, Он 
С С 
“ону. с“ and 
ЕВИ 
| heat 
+ но 


E 
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(c) " ? NaOH, qe cam 
(CHg)oCHCH2CH + CHCH =" о a 
cui en н CH(CHs)p 
| heat 
1 
(CH3)2CHCHaCH ==СОн + HzO 
CH(CH3lo 


23.4 Including double bond isomers, 4 products can be formed. The major product is formed 
by reaction of the enolate formed by abstraction of a proton at position “а” because 
position *b" has more steric hindrance. 


CH3 
| HaC 
| HO HO 
| О No 
5 NaOH, | * 
а ———- | 
-———— | 
EtOH | 
CH3 CH3 СНз 


f heat heat 
CH3 Ha 


о о HaC Q е CHa 
+ + 
* H 20 + H pO 
CH3 CH3 CH3 СНз 
о: SAA А И S e 2 э ————Ó 
major (less hindered) minor (morc hindered) 
23.5 (a) 
PoR 
GHSOHGCHGO — CH 2-Hydroxy-2-methylpentanal 


CH3 


This is not an aldol product. The hydroxyl group in an aldol product must be £, not 
a, to the carbonyl group. 
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(b) 
SSH 
а о 5-Ethyl-4-methyl-A-hepten-3-one 
СнрСнз 
This product results from the aldol self-condensation of 3-pentanone, followed Бу 
dehydration. 
23.6 
n Jj 
1. Маон, EtOH 1. NaBH, 
ee — T — ————————— — 
2 CHCH === CH3CH =CHCH > 29? CH4CH — CHCH5OH 
(нг Pd/C 
I-Butano! ^ CHa3CHoCH5CH50H 
23.7 | 
о | 
и i и 
+ v NaOH | H OH p 
H о н; =. \ жы \ 
C—C H EtOH 1 < H 
NF НН 
H H i | eat 
1 о 
Cyclopropylacetaldehyde H—C / 
\ 
H С 
\ 2 
с-с” 
vee 
H 
H + H20 
23.8 (a) 


CH бн бей CH— S 
Маон, as 3 
+ О heat. 
I + H20 
CH3CCH3 рети 


4-Phenyl-3-buten-2-one 


This mixed aldol will succeed because one of the components, benzaldehyde, is a 
good acceptor of nucleophiles, yet has no a-hydrogen atoms. Although it is possible 
for acetone to undergo self-condensation, the mixed aldol reaction is much more 
favorable. 
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(b) 


(c) 
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T Tu [ 
ССНз С —CHCCH; (CH3)5C =CHG 
| 1. NaOH. EtOH 


L 2. heat 


О 
|| О C —CHC 
CHgCCHg [ 
+ (СНз)2С =СНССН: + 
+ н О 


Four products result from the aldol condensation of acetone and acetophenone. The 
two upper compounds are mixed aldol products, and the bottom two are self- 
condensation products. 


О нас... , CHO 
CHCH»CH3 
1, NaOH, EtOH 
2. heat E * 
м О 
CH3CH2CHO CHaCHCH=CCHO 
+ CH 


As in (b), a mixture of products is formed because both carbonyl partners contain a- 
hydrogen atoms. The upper two products result from mixed aldol condensations; 
the lower two are self-condensation products. 


О 


оО 

lonce | 

Бы! | CHSCCHCCH; | 

А 
° 
CH4CCH5CCHa О 
$ 4, 
м o UU нс—с” 
'СНаССН2ССНо | „= „=н 
B HaC 


2,4—Pentanedione is in equilibrium with two enolate ions after treatment with base. 


Enolate A is stable and unreactive, while enolate B can undergo internal aldol 


condensation to form a cyclobutenone product. But, because the aldol reaction is 
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reversible and the cyclobutenone product is highly strained, there is little of this product 
present when equilibrium is reached. At equilibrium, only the stable, diketone enolate ion 
A is present. 


23.10 This intramolecular aldo] condensation gives a product with a seven-membered ring 
fused to a five-membered ring. 


Q 


23.11 Asin the aldol condensation, writing the two Claisen components in the correct 
orientation makes it easier to predict the product. 


(а) fi її 1. Nat СОЁ " m 


(CH4)jgCHCHSCOE! + ОБАВЕ 2 њое ^ (CH3)2CHCH2C — СНСОЕ! 
CH(CH3]5 + EtOH CH(CH3z 
1. 1. Na ОЕ 
1 a = ius. "ms UNE 
+ ЕЮН NS 
1. 3. Na* “OEt СОЕ! 


CHQCOEt + CH,COF! весы CHCOE! 


cU Ne 
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23.12 
ES ыы 
Mor О О: О 
NI i Gr И 
C C : САС 
di d cb | “27 Сов 
| ` == | OH 
Su -= addition of 
"ОН hydroxide — : elimination 
ol acetate 
О 
Il 7 | 
С = : C. | 
EP: -— i SH. ow | 
* d acid-base > men | | 
е6 reaction „С | 
Нас ОЕ! : ; НС ОЕ! | 


Hydroxide ion can react at two different sites of the -keto ester. Abstraction of the acidic 
a-proton is more favorable but is reversible and does not lead to product. Addition of 
hydroxide ion to the carbon of the carbonyl group, followed by irreversible elimination of 
ethyl acetate anion, accounts for the observed product. 


23.13 As shown in Worked Example 23.4, dimethyl oxalate is a very effective reagent in mixed 
Claisen reactions. 


CH. CH3 
СНз у Nat TOCH CH 
2. H40* + CH30H 
О О О 
+ О y C 
| H co P 
HIC. LC. „О 3 
3 “у^” ^6 "CH 
О 
23.14 
Н G 
м 
ОЕ о Сс 
"d 1. Nat ОЕ OE! 
ce oa 
T 
H4C 
= CHa 


Diethyt 4-methylheptanedioate 
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23.15 
ОЕ О +ЕЮН 
Му» 
С CO Et COsFt 
OO 
HC Нас 
| Nat ОЕ! C1-C6 bond formation 
EtOH 


Unlike diethyl 4-methylheptanedicate, shown in the previous problem, diethyl 3- 
methylheptanedioate is unsymmetrical. Two different enolates can form, and each can 
cyclize to a different product. 


23.16 A Michael reaction takes place when a stable enolate ion (Michael donor) adds to the 
double bond of an a,f-unsaturated carbonyl compound (Michael acceptor). The enolate 
adds to the double bond of the conjugated system. Predicting Michael products is easier 
when the donor and acceptor are positioned so that the product can be visualized. 
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Michael Donor 


(4) о 


СН? 
CHgC. 
о 


23.17 


Michael Donor 


(a) 
2 
EtOC 
\ 
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Michael Acceptor 


О 
HoC—CHCZN 
H p 
C=CHC 
7 \ 
HaC ОЕ! 


Michel Acceptor 


fi 
НС =CHCCH, 
HpC=CHCCH, 


Carbonyl Condensation Reactions 


Product 


/ 
СНС, 
нонусн;с =N 
сњ, 
О 


О 
/ 

СНС О 
N Zi 
CHCHCH2C 
£7] N 

CHC, Cu, ОЁ 
O 


Product 


О 
и 
BIOG: 9 
C HCH2CH;CCHs 
EtOC 
`\ 


О 


f 
CHCH-CCH3 


COsEt 


775 


776 


23.18 


23.19 


Chapter 23 


Find the carbonyl group of the Michael acceptor, and count three carbons away from the 
carbonyl group. The Michael donor forms the new bond to this carbon. Break this bond 
to identify the Michael donor and Michael acceptor. 


ll n | f 
нб: СОЕ 4 1. Ма” ОЕ! е 7 E МО» 
1 C 3 O 2. H30 1 3 
ГА А JÀ 2 
HH HH ; HCH; 
new bond formed Michael acceptor Michael donor 


An enamine is formed from a ketone when it is necessary to synthesize a 1,5-diketone or 
a 1,5-dicarbonyl compound containing an aldehyde or ketone. The ketone starting 
material is converted to an enamine in order to increase the reactivity of the ketone and to 
direct the regiochemistry of addition. The process, as described in Section 23.11, is: (1) 
conversion of a ketone to its enamine; (2) Michael addition to ал o,f-unsaturated 
carbonyl compound; (3) hydrolysis of the substituted enamine to the diketone product. 


Enamine Michael Acceptor Product (after hydrolysis) 
(а) G О 9 
" ) НС ==СНСОЕ! СНСНСОЕ! 


(b) / | " О о 


М 


à 


E 

(c) x о О сн» о 

| CHCH — CHOCCH4 CHCH5CCHs 
“ 


gn 
М7 
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23.20 Analyze the product for the Michael acceptor and the ketone. In (a), the Michael acceptor 
is propenenitrile. The ketone is cyclopentanone, which is treated with pyrrolidine to form 
the enamine. 


(a) 


— CHCHCN | = н 
+ 


| 
н —— 
+ 
о 
CHo2CH3CN 
2 iid 
N 


9 
я (ХП С) 


СМ М о сМ 
е ЖУ Ш a HESS d 
Hore „ы CH3CHCOCHs H 
О + 

(e O 
i 


CH5CH4COCH, 


Ж 


+ НО 


23.21 The Robinson annulation is a combination of two reactions covered in this chapter. First, 
a Michael reaction takes place between a nucleophilic donor (the diketone in this 
problem) and an a, f-unsaturated carbonyl compound (the enone shown). The resulting 
product can cyclize in an aldol reaction. The base catalyzes both reactions. 


О, о H i 
Y Риз о Ма? ~OEt. Ta : 
CL $. dgosicHOCH, ЧӘН | 
а N- ouk] 
Місћасі Мїсһас! O сн. | 
donor acceptor = | 
p Na* "OBL | 
| EtOH 
Q CH3 О, сн» 
һеа! | 
но + t 
О о 
он 
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23,22 
О 
CH3CH5CCH —CHa Hac 
- Ма? СОЕ! 
Michael =, tion 
acceptor о CH3 
Michac} na 
donor Ма” TOE, 
EtOH 
О О 
НАС H4C 
heat 
Но + mm 
CH4 CH4 
О О 
CH3 OH CH3 
CH3 ^ CH, 


This is one of the more complicated-looking syntheses that we have seen. First, analyze 
the product for the two Michael components. The carbon—carbon double bond arises from 
dehydration of the aldol addition product, and is located where one of the two C=O 
groups of the original diketone used to be. The Michael addition takes place at the carbon 
between these ketone groups. The Michael acceptor is an enone that can also enter into 
the aldol condensation and furnishes the methyl group attached to the double band. 


Visualizing Chemistry 


23.23 


lI 
Сал mo 2 CH4CHCCH2CH4 


ЕЮН 3-Pentanone 
H 
(b) | NaOH. \ 
z0 — 2 ССН2СН(СНЗ}> 
о EtOH i 


3-Methylbutanal 


23.24 The enolate of methyl phenylacetate adds to a second molecule of methyl phenylacetate 
to form the Claisen intermediate that is pictured. Elimination of methoxide (circled) and 
acidification give the product shown. 
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„„ОСНз Ма’ "OEt, 
Е n EtOH 
——————— ad 
О 


Methyl phenviacetate 


H30? 0 O 
С 3 ac 


сно“ “So . CH30 


_маон, _ | | heat 
“EtOH | | 
i OH l + Но 


i af 


О 


| 


23.25 


23.26 Remember that the new carbon-carbon double bond in the product connects one of the 
carbonyl carbons of the Michael donor with an « carbon of the Michael acceptor. 


P CEN Nat TOER 7 CN 
"E d EtOH | 
——ҥ=* | 
C : 2 
O о2 ^H © с 


Michael Michael 
acceptor donor 


CN | CN 
heat : 
HO + X —— ————- | j 
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Mechanism Problems 


23.27 (а) 
H 
NaOH 
—— —n- H 
H CH3CH20H 
OH 
H 
Mechanism: 
vo" 
JH 
TAN 
NÉ 
но: 
(b) 
О 
Маон H 
< е —» 
CH3CH2OH OH 
Mechanism: 
О. 
H H = ——— e z c 
J i 
HO: 
(c) 
© 
H 
о 5 H 
ES NaOH H 
H * i 
сн; H CH3CH;0H oe 
H 
Mechanism: 
"а" 
H 
JH Re. 
— 
A 
HO: 
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(d) 


H 
NaOH 
r H 
CHaCH20H 


Mechanism: 


H 22; S a 5 6 А ——а- 
—— 1 ч — - — 
|. а 0, 
ног њо 
23.28 (а) 
о 
ый. NaOH 
ЕСУ 
H CH3CH2OH 
H 
Mechanism: 
zo" 
Сн 
zE 
H E 
но? 
"g* 
H 
н 19 
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(b) 


1 » NaOH 
[e] ——————»- 
CH3CH20H 


Mechanism: 
О. 
— <> 
H J TES 
HO: 
о: 
— 
- чч ——— 
но: 
(c) 
[e] 
H 
n NaOH H 
"E Pa e 
Mechanism: 
ʻo’ 
H 
D) H 
жо” 
H H г. 
2 E 
HO: 
ʻo” 
H 
H 
Фе – — 
но: 
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(d) 


NaOH 


CH3CH20H 


Mechanism: 


— 
—=— 
“o 
C) = = 
—— -——— 
B 
23.29 (a) 
o A о о 
1. NaOCH;CH; 
—— ә 
CH3CH20 OCH;CH3 2 H0 CH3CH;O 
Mechanism: 
Ju "o до: о z% 
m е e О ё S OCH;CH; 
CH3CH3O ОСНСНз o a GHH Осн ——— 
d — 7 -— снено 
H 
CH4CH;O: CH,CH;6H 
"gt so? CH,CH,UH 
CH4CH,OÁ | Lj == CHCH;0 „== 
P ou О 
н.о: о 
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(b) 


"g* 
о 1. Маоснз E 
OCH; 
OCH; 2. H40 
O: 
Mechanism: 
“O° 
^) “бон; 
<. ~ 
H H 
-— 
H0; “oO” 
H 
Осн а 
о: 


о 
9 1. (CH); COK Д. Д 
о + A = == H im id 
H оснсні 2: Нз0 E d 


Mechanism: 
vo" 
C 
"e со” H 
{CH3)yCO 777 H 
H o: == (CH4);COH — 
о "Qr. 'o* го 
H о: — — H б; 
H H 


CH4CH;O m 
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о 
o 1. NaOCH4 OCH; 
——— 
2. H30* 
OCH; о 


Mechanism: 


HO: 


снзбн 
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23.30 (а) 
о о 
Ер < i pup ee 
Sy CH; снн 2. HsO 
Mechanism: 
“о” :65 | 
ce" "d cer 
CHCH CH3CH:0 ror 
(d cl. 
2 ый GR CH; 
CH3CH,02 CH4CH;OH 
NO 1. NaOCH;CH; 
2 
а 2. но? 
Mechanism: 
“or 
"Qs cc 
H єн» 
Wg a TON 
et ——- | ——- 
H H е 
CH4CH;0: H 
CH4CH40H 
"p. 05 
“Oo “oO pup | 
MUS .— 
н | нс Y^p: 
C NE 9 
Hac or ees 2 
H н;0-ён 
CH3CH30H 


o 
ce" 
CH3CH;O o 
CH; 
снзснб 
сњон 52 
"o 
N: 
—- снзсн;б "о" 


H 
ocu. 


Hz 
С NO; 
Н.С 
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o 
о 9 1. NaOCHsCH, 
b No g ДА ZH о 
CH4CH;O OCH;CH; 2. Hy 
Mechanism: 
DR оз р, Sy 
Шеш о a [e] fox 
es CHa4CH 20 OC H2CH3 Y 
CH, CH;O OCH;CH; a онар НН 
= —= Т н o =_= 
H H CH4CH;OH 
" BEN H сненб uA AS | 
CHCH: 38 ü 
CH3CH,O OCH;CHs CH, CH; 
b " 
г. чора н;0-=н BE 5 РА 
H20: CH3CH;OZ 
(d) 
о о 
о 9 О 1.NaocH,cH,  CHeCH:0 OCH;CHs 
men A Ы “д. ED CH 
чь OCH;CH; осноснь 2 Hs0 zr : 
Mechanism: о OCH2CH; 
лоз S Cot ON “o “o ёо" 
бсн;сн; OCH;CH; ^ OCH;CH, 


= CH; 


H H CH4CH;ÓH "os 
E J Mc. сньсн 2H ol 
CH;CH;0: ‘OCH CH; 10 


:O^ `“дон;сн, 


Oo DI 


р 


өз соз LB. Cv Js соз 
А OCH CHs № OCH;CH3 т ÖCH:CH; 
. * "t +" 
н CH; mo CH; -— - a GHz 
ls Jt m 
307 “OCH;CHs :0# chch 102 “бсн,он, 
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23.34 (a) 


a N(CHs}2 1. THF + 
+ S + CH3)2NH 
ео ра 2. њо" subdi 


H 


Mechanism: 


"di idis 
ze 
- = 
e 
ISSN H 
"s 
as OH; 
HO: Мен: 
cA -— 
H 
—— * 
Me (CH4)9NH2 
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о 
i + СТ OCH + H ( 
DN Е 3 2 
EM OCH, 2. њо K Y e 


Mechanism: 


pow i s 
s осн» 
He Q 
А Ў кү 

nO 
HO A 2 

Кен Г 
ae 
L—— 
v OCH 
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(с) 


UNS 
H;C C} 

AN A 1. THF N 

HC „С * m * (снн 
N(CH3)z 2. Њо : 
o 
Mechanism: 
| oe 
м: ES Ok 
22 H;C C. 
He CC 2 2 ES H " cw Ca. 


N(CH: ae “i 
E C Ses Й ма 
:МСНэ)2 


*N(CH3)z 
AN A 
нс” "Cg. Hz Ca. N 
Hc cg S м: Sut H2C с 2 
М "m 
—— A es —— Pad 
но ОМОН»); HOS, МН н.о: 
HOD NHYCHs), We "ELS à Смсн 
нон H0% rH Б 
N 
H20 бз, : Н.С ©з. 
^x 
= 
Ô.» 
2. Qu 
‘ ages HLA + 
{CH3)2NH (CHg}2NH2 
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+ 
Ss NH2 t — * (Сн;у;Мн; 


Mechanism: 


HN 


HAN 
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23.32 


о о 
© 
X e CH.CO;Na  CHSCHLO OCH;CH; 
* H —— Ie 
CH3CH20 OCH3CHs { 
Mechanism: 
105) “O° 
LE Sue. ae Кај 
CHCH 'QCH2CH3 
H CHCH: OCH2CHa 
= CH2CO2H DE — 
> S7 7 occ 
CH4CO; H 


“O2CCHa 
CH,CO2H 
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23.33 
R КЕ © 
в ba ном 
у i CH;CO,Na К M но т 
+ EM. E 
ad " Haat 
Azlactons 
— dehydro c-amino acid 
intermediate 
Mechanism: 
: S = кр 
. === CHOH === 
`7 
CHICO, 
R LI 
ise 
m Tm ; o 
EE — CH.CO; № 
CH;COH 9н 
23.34 This sequence is а reverse aldol reaction. 
KY ^ :Base 
Hos " 
Pd LI LI е” a 
нс :0: :0: нас :05 9: 
7056 К : |, mene | Ke | 
2 — 2 di. 
Me МО sna “677 "c^ Sscoa 
/N "ak" ZN 7% 
H H H H H 
a 
О О лог 
| T “Ont | + Ж 
4 —— 2 C 2 
Нас” “Сод "c^ "cH, н.о” “сод 
£N X 
Acetyl CoA Acetoacetate 7 


Step 1: — Deprotonation by base. 
Step 2: Elimination of acetyl CoA enolate. 


Step 3: Protonation of enolate. 
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23.35 In contrast to the previous problem, this sequence is а reverse Claisen reaction. The first 
step (not illustrated) is the reaction of HSCoA with a base to form “SCoA. 


=. es Ge 
о: / Q О Q:7 
| | 1. al Ї 
A MIS РМ UM 
HaC » C SCoA HaC / C SCoA 
ME 5 Caas ./ M 
н CH, H CH 
CoAS: 
2-Methyt-3-kelo- i: : 
butyryl CoA ye HA 
О О : “О : 
i 3. | e^ | 
Ha w- C t HaC 
SEC ""SCoA нс “ЗСоА `e? "SCoA 
н H H 
Propions] CoA Acetyl CoA 


(propanoy] CoA) 


Step 1: — Addition of SCoA to form a tetrahedral intermediate. 
Step2: X Elimination of propionyl CoA anion. 


Step 3: Protonation. 


23.36 Formation of (S)-citryl CoA: 


О | :0: y | Я 
н “сод г COS PÆ SCoA 


S =” | ó Аз GY-Citryl CoA 


Stepi: Formation of acetyl CoA enolate. 


Step 2: — Aldol-like nucleophilic addition of acetyl CoA to the carbonyl group of 
oxaloacetate and protonation. 
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Loss of CoA to form citrate: 


^ 


но C04 :0:/ HO CO,” ‘025 
y 


= E ` к | 

b Р 6 — > | OC UM 

vSCoA l. CoA: 

Б; HO V | 

: e H | | 2 E z 
/А) Ж 

Н S : Base no СО О 
TOC + HSCoA 
o 
Citrate 


Step 1: Nucleophilic addition of hydroxyl to the carbonyl group of (S)-citryl CoA. 
Step2: Loss of SCoA and protonation of the leaving group. 


23.37 
Ё ^^ 
Ане A—H^^ 
ү HO, £2 | Н20 HSCOA но / CO» 47 в 
4 CO ——— M "a H 
| 2 2. 
| if CO, 
^ H ZM M " 2 
= :СН.С$СоА O'  S$Co 
m 
UC 
EN P EE NADH/H* | | 
н сто: А н COs” CO / 
C NER К 
ира 2 2 er 2 1 Senco,” 
СН : NS : 
40 н OH 
Ц А 
МАО? De H-0: 
| 6 :B 
zi ае 
БЫ NH4* 
* CO2 Leucine 


Stepl: Addition of SCoA. 
Step2: Hydrolysis 

Step3: Elimination 

Step 4: Conjugate addition. 
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Step 5: Oxidation. 

Step 6: — Decarboxylation of a f-keto ester. 

Step 7: | Nucleophilic acyl substitution, loss of water, reduction. 
23.38 Formation of the enolate of diethyl malonate is the first step: 


CH»5(COSEt)5 + OF == ~ * CH(COSEt)s + НОЕ! 


zc | 19: 
1° 5 ; 1 
C 
С ен 
u lacu CH(COSEt)5 
“2: CH(COSE1)5 l 
EtOH. Е 
heat 
H о ў 
A H40* C s. 
“с” ^ oH т: кено 
бз D 
| + H20 


+2 EtOH + CO, 
Cinnamie acil 
Step 1:  Nucleophilic addition of the enolate to the carbonyl group. 
Step2: Protonation, dehydration 


Step 3: Ester cleavage and decarboxylation of a f-keto ester. 


23.39 _ 
CICH,COzEt + Ма? СО! == СІСНСОЕ + EtOH 


Zor | ‘OF » | :0: 
-— CHCOSEt | CHCO>Et 
NC | Ld. un 
CICHCOSEt | We | f 
nucleophilic S42 displacement 
addition 
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23.40 This mechanism divides into two sequences of steps. In the first part of the mechanism, 
an acetal is hydrolyzed to acetone and a dihydroxycarboxylic acid. 


—— Hn 


HaC CH3 | HC СН so HOC CH, 
m E Vel 
+ le ‘ i ` 
H20* :O о: => | НО. у о: — он +0: 
СНз proton-; L ен ring CH3 
ation — opening | | 
CH3CO5H CH5CO;H CH5CO5H d 
addition of water 
| loss of H* 
«°° CH3 o ar CH CH 
HO y Hae. / но 3 HO 3 - 
и = CH3 HATA СНз S7 Oh | 
OH но i OH :0 OH :O | 


ong proton- 


СН>СОН ation 


CH»COoH CH;CO;H | 
loss of tetrahedral | 
| alcohol intermediate 
"D 2% ё Р 
он но Huy CH3 CH, H30 
CH3 + +9=С == occ + 
ч | : 
CH3CO3H CH, о low ol CH, 
proton 
Acetone 


In the second set of steps, the dihydroxycarboxylic acid forms a cyclic ester (a lactone). 


- ГА + 
"Lu нон | Svp 
MM Ы 
HO ~ нос 
HO: “сн, | HOn 4 "CH; 
LI | [hse 3 
OH. =. | Her 
proton- | addition 
OH ion | он | Of (OH 
О =O 
|| + њо" | n* 
C | С 
о” “сн, | o^ “сн, 
Joss ol | loss of 
алс ӘН proton | ОН water 
ON 


| proton 
transfer 
ve ot 
: HO: "OH; 
"soa 

Pd M 
о СН? 

CHa 


OH 
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23.41 This problem Бесотс$ easier if vou draw the starting material so that it resembles the 


product. 
Оз. 
p^ 
Michael 
| addition 
| О 
! НО intramolecular 
aldol reaction 
+ ОН 
HO 
A 
23.42 
n Ё. _ .. ] 
i ZA 40: 20CH, ! 
: a 
COCH — COCHs ЕЖА МА | 
: l A eih > м a E 
га TA eae a 2 3 р. | 
С=сССО»СН» С | 
HOIA 2» | CH 
CH3 d i 3 
" 
О 
CO5CHs 
+ “OCH; 
CH3 


Step 1: Conjugate addition of НЗС”. 
Step 2: Claisen condensation. 
Step 3: Loss of methoxide. 
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23.43 
О 
О 
СО,Еї 
Е О 
OEt + 
О 

Step 1: — Enolate formation. 

Step2: Intramolecular aldol condensation. 

Step3: — Retro-aldol condensation. 

Step 4: Protonation. 
23.44 


O L О 


+ “Ot 


Step 1: | Deprotonation and retro aldol reaction. 
Step2: — Equilibration between two enolates. 
Step 3: Interna! aldol condensation. 


Step 4: Protonation. 
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23.45 (а) 
H— А 
` Leo v +, 7 
— зон, OH * OH 
| | 19, | `-Г 2 
НС” ^H. | ;H467* H 2 АН 5 Haee Н 
i H N(CH3)2 Ка М онан N(CH4)o 
HN(CH4)0 | 4. 
+ 
iminium ion 
(b) 
ap : 2X 1 Base ` zs 
OH ] OL : : 
m : i S { ao 22 Q 
EN ———— : V ov 
* + н ne BN ae 
a = ес | qh —М№СНз)> ; * a — N(CH3)o 
JT NN. ; 2. 
CH3 1 CH3 _ CHa 


Step 1: X Protonation. 

Step2: — Addition of amine 

Step 3: Proton transfer. 

Step 4: — Elimination of water. 

Step 5: X Aldol-like addition of enol to iminium ion. 


Step 6: Loss of proton. 


23.46 The Mannich reaction occurs between the diester, butanedial, and methylamine. 


2 
CH | CH3 : 

о сон; ae a : 
+ СО„С©н» | CO2CH3 | 

нон; C=O ——= “н | H^ | 
CO5CHs H4CO20 Ñ | OCOPh | 

О О | | 
L Cocaine E 
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23.47 
* 
N 
——— 
B 
Y 
Br Жыл ш шараш 
А: D 
N ЕН 
3. 
- COSEt 
Step1: 542 displacement of Br by enamine. 
Step2: — Tautomerization of ketoester. 
Step3: X Attack of enol on iminium ion. 
Additional Problems 


Aldol Reactions 


23.48 (а) (CH35CCHO has no o hydrogens and docs not undergo aldol sclf-condensation. 


b) OH 


Benzophenone doesn't undergo 
aldol self condensation because it 


CY О has по «hydrogens 


о0о 
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NaOH. 
(d) or em HO нс О | 
4 Н 
CHaCH, | CHaCH3 | 
" heat 
нас о 
CH3CH2C ==С— Сонун; + H20 
CHCH 
e О Маон, г он О 
(e) l| EtOH Г | 


2 CHa4(CH5)gCH TEE ВОЕН 
н  (CHa)7CH3 | 
Y heat 


CH4(CH35)gCH = + H20 
(CH2)7CH3 


(D ‹%Н5СН=СНСНО does not undergo aldoi reactions because its a proton isn't 
acidic. 


23.49 As always, analyze the product for the carbon-carbon double bond that is formed by 
dehydration of the initial aldol adduct. Break the bond, and add a carbonyl oxygen to the 
appropriate carbon to identify the carbonyl reactant(s). 


=0 


| || 
C Ыы C . NaOH, P. C 
“о нс” NN Bs 
i 
Е 2, nhe H 


* НО 
(b) 9 
1. NaOH, 
E1OH 
CHO 2. heat 
(c) ^,CHSCHO 1. NaOH. 
EtOH 
————— 
2. heat 
CH CHO 
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(9) n 
CgHs С Ces 
„емы 
1. МаОн Ces CH; 
ЕЮН 
у ^ 2. heat + 2 НО 
= CgHs С6Н5 
Cals Cg, 
23.50 | 
OH - Я | юн heat 
CHO cce. „ясно — CHO —-&  7—CHO 
C—H 2:695 ' 
2 @ | но н + НО 
Ue | 
23.51 
О 
NaOH, 
EtOH 
— + H30 
А О 
о 
NaOH, 
EtOH + НО 
== 
B 
О 


23.52 Product A, which has two singlet methyl groups and no vinylic protons in its ІН NMR, is 
the major product of the intramolecular cyclization of 2,5-heptanedione. 
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23.53 


23.54 
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==. О "3 
ILLA — 
m. addition proton rine :0: 
гон of OH transfer opening 
Ру НО 
| protonation 
^o ie . О 
= Se 
^N 1. EtOH OH 
X————— I = 
2. heat 
A ns protonation. | Ns Eum deproton- 
dehydration : INT ation 
+ Н5О ye 3 sation О + но Q 


Because all steps in the aidol reaction are reversible, the more stable product is formed at 
equilibrium. 


NaOH, 
EtOH 


CHa a 


formation 
of enolate | addition of enolate 


to carbonyl group | 


О H2O 
—— 


нас | H4C 
protonation HaC 


Ап aldol condensation involves a series of reversible equilibrium steps. In general, 
formation of product is favored by the dehydration of the -hydroxy ketone to form a 
conjugated enone. Here, dehydration to form conjugated product can't occur. In addition, 
the B — С equilibrium favors B because of steric hindrance. 
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23.55 The reactive nucleophile in the acid-catalyzed aldol condensation is the епо! of one of the 
reactants, The electrophile is a reactant with a protonated carbonyl group, 


Step 1: Lio] lormation. 


/ ^ *W—-O0H; ET. 
H С I| Е (0x С © 
а ч —— | „= мз | SOF `В 


/N 


Step 2: Addition of the enol nucleophile to the protonated carbonyl compound. 


E 5 | ҺЕ 
| мон Он HO R "он. 
ЕІ x P — S X 4 Я | 
| аи ee “АЕ w> eas ae 
electrophily nucleophile 
Step 3: Loss of proton from the carbonyl oxygen. 
| PM | 
| М 
3 Vete Oo :0: 
ue» oe iT Е ндО” 
Hs. n E | г н. i a 
ИХ . М А 
23,56 А 
„чы НО 1, NaOH, us. CHO 
| || * cco ын, Fe 
- 2. heat 2 


Cionamaldehyde 


Although self-condensation of acetaldehyde can take place, the mixed aldol product 
predominates. 


23.57 The first step of an aldol condensation is enolate formation. The ketone shown here does 
not enolize because double bonds at the bridgehead of small bicyclic ring systems are too 
strained to form. Since the bicyclic ketone does not enolize, it doesn’t undergo aldol 
condensation. 
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Claisen Condensations 


23,58 (a) 
О Q О О О 
И || li ] И 
CH4COEt 1. МОЕ. СНС —CH3COEt + — CH4CH5C — CH5COEt 
» _ ВОН 
[c EN г? a Ai 
CHCH COEt + CH3CHZC—CHCOE! + CH3C—ÇHCOE! 
О 
self-condensoation products anxed condensation products 
Approximately equal amounts of each product will form if the two esters are of 
similar reactivity. 
(b) 
D 
1. NaOEt. Q О о Q 
СвН5СОЕ! ЕЮН |] il |! t 
——— СвН5СН С —CHCOEt + СНС —СНСОЕ + EtOH 
* oW 2H | ER 
Cg Hs CH;COEI Ces ВЕ 
self-condensation product mixed condensation product 
The mixed condensation product predominates. 
(с) 
о о 
Е обоє cen COE 
t [ t 
_ EtOH + EtOH 
2. НО“ 
This is the only Claisen monocondensation product (aldol self-condensation of 
cyclohexanone also occurs to a small extent). 
(d) 
i 
1 1. NaCEt, Q о О 
CgH5CH EtOH il |] H 
А > СНС —СНЪСОЕІ + СБНБСН=СНЬСОЕЕ + EtOH 
Q г. HO 
сно OEt self-condensation produet mixed condensation product 


The mixed Claisen product is the major product. 


23.59 Ifcyclopentanone and base are mixed first, aldo] self-condensation of cyclopentanone 
can occur before ethyl formate is added. If both carbonyl components are mixed together 
before adding base, the more favorable mixed Claisen condensation occurs with less 
competition from the aldol self-condensation reaction. 
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23.60 
-à air o ea B 
О: О | 30: | 
|| It [SI ^ Il ; E II | 
CH4C ССН) СОЕ! == | CHC — C(CHg);COEt Е —= C(CH3)oCOEt + CH4COEI 
4 ! JC P 3 
V LOE! addition £ О -elimination of 
hi of ethoxide vthy | dimethyl- 


acelale anion 


= 1 || 
С(СНЗ)>СОЕ! + EtOH == (СНз) СНСОЕ + ОЕ 
This is a reverse Claisen reaction. 


23.61 Two different reactions are possible when ethyl acetoacetate reacts with ethoxide anion. 
In one reaction, attack of ethoxide ion on the carbonyl carbon is followed by elimination 
of the anion of ethyl acetate—a reverse Claisen reaction similar to the one illustrated in 
23.39. More likely, however, is the acid—base reaction of ethoxide ion and a doubly 
activated a-hydrogen of ethyl acetoacetate. 


t on fall 
CH;C-, CHCOEI +101 === CH3C—CHCOEt + НОЕ! 
= / 


нх БР 


The resonance-stabilized acetoacetate anion is по longer reactive toward nucleophiles, 
and no further reaction occurs at room temperature. Elevated temperatures are required to 
make the cleavage reaction proceed. This complication doesn't occur with ethyl 
dimethylacetoacetate because it has no acidic hydrogens between its two carbonyl 
groups. 


Michael and Enamine Reactions 


23.62 Michael reactions occur between stabilized enolate anions and a,f-unsaturated carbonyl 
compounds. Learn to locate these components in possible Michael products. Usually, it is 
easier to recognize the enolate nucleophile; in (a), the nucleophile is the ethyl 
acetoacetate anion.The rest of the compound is the Michael acceptor. Draw a double 
bond in conjugation with the electron-withdrawing group in this part of the molecule. 
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Michael Michael 
donor исе mes acceptor 
" О A as О ` 

i ^ li y || 
CH4CCH -F CH5CH5CCgHs ; H5C = CHCCgHs 


- 


О 1. NaOEt, О О 
| Ш FIOH И Ш 
См + HaC —CHCCgHs5 ^ ОЗС EX CH5CHsSCCg5Hs 
2. н.о 
СОрЕ! 2 COvEt 
Michael doner 
(b) When the Michael product has been decarboxylated after the addition reaction, it is 
more difficult to recognize the original enolate anion. 
о 
Il 


о 1. NaOEt, о 
| EtOH H 


Michael acceptor 


II 

CHaCCH» + НС — CHCCH4 

| 2. H40* 

СО2Е! СО»Е! 
Michael] donor Michael acceptor 

О о о 

|| | H,0* il H 
НЫНЕ — CH4CCH5CH5CH5CCH4 + CO2 + EIOH 


COEt 
(с) 
О 1. NaOEt, О 
Н EtOH H 
poena + HoC=CHC=N рае en A A 
018 
СОЁ! СО>Е! 
Michacl donor | Michael acceptor 
(d) 
о 1. NaOEt NO» о 
i EtOH | II 
CH4CH5NO» + НС = СНСОЕІ Skee CHaCHCHaCH»COEt 
Michael donor — Michael acceptor з 
(с) 
О 1. NaOEt. О 
| EtOH l 
EIOCCH, + H;C—CHNO, 2—24 ЕЮССНСНЫСНгМОг 
| | 2. н.о | 
COSE 3 COVEI 


Michael donor Michact acceptor 
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О 1. NaOEt, СН2МО2 
CHNO) + „БОН, 
2H 


(f 


Michael Michael acceptor 
donor 
23.63 
о - 
Hs 
1. Nat ОЕ, НзС 1. Na* ОЕ! EtOH 
_ EtOH _ 2. HaG=CHCOCH 3 
+ 
2. 2. CH > 3. H30 о ó | 
CHa e 
1. Ма" СОЕ, 
EtOH 
2. heat 
О 
H3 


о 


This sequence of reactions consists of an alkylation of a 1,3-diketone, followed by а 
Robinson annulation. The carbon-carbon double bond appears where the second 
carbonyl group of the diketone used to be and is the site of the ring-forming aldo! 
reaction. À Michael reaction between the diketone and the Michael acceptor 3-buten-2- 
one adds the carbon atoms used to form the second ring, and an alkylation with CH31 
adds the methyl group. 
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23.64 
fy dl О 
НС —CHCCH4 =l H 
^ CH5CHCCH4 CHoCH3CCH4 
| r> * 
N mw М 
2a 
| H30* 
О 
Il 
CH5CH3CCH4 
о 


+ H0 


Step 1: Michael addition of enamine. 

Step 2: — Tautomerization. 

Step3: Епатіпе hydrolysis. 

Step 4: — Abstraction of proton by hydroxide. 
Step 5: — Internal aldo! condensation. 


Step 6: Dehydration. 
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23.65 (a) 
Q 
I a 
CH4CHoCCH — CH 
MM di CH CH OCHCH, 
E ^ ee 
+ 
(СЯ „Н М 
но | 3. 
| 
СНаСН>ССНЬСНь 
NaOH, 
пва] EIOH + 
E а= 
о 393 P о 
OH у ЕЗ 
CH, Сн» 
+ H0O 
Step 1: Enamine formation. 
Step 2: Michael addition of enamine. 
Step 3: — Enamine hydrolysis. 
Step 4: — Internal aldol condensation. 
Step 5: Dehydration. 
(b) 
О 
NE fz 
Se сона CH4CCHCH; 
О + ———- ў 
CH, ! 
„чан Р 
f N ( N 
CHa 
но" 
О 
|| 
CH3CCH2CH, 


NaOH 
„Леа ` 
EIOH 
M о 
4. ü 
HO + СН; ( 4 CH3 


Notice that the desired enamine is formed (see Problem 23.73). 
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Step 1: 

Step 2: 

Step 3: 

Step 4: 

Step 5: 
(с) 


+ Н20 


Enamine formation. 

Michael addition of enamine. 
Enamine hydrolysis. 

Internal aldol condensation. 


Dehydration. 


CH3CCHCHS 


— 
т 
C7 
3. 
ны 
| > И 
CH3CCHoCH. 
22 мон CEN 
heat EtOH 
5 — 
О 4. 6 
OH 


The enamine double bond is conjugated with the aromatic ring. 


Step 1: 
Step 2: 
Step 3: 
Step 4: 
Step 5: 


Enamine formation. 

Michael addition of enamine. 
Enamine hydrolysis. 

Internal aldol condensation. 


Dehydration. 
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23.66 


Е | 
"Он | 
ES ^ eu 


enolate | 
О formation 


| Michael 
addition 


EtOH © 
ae -— — 
Е V protonati Michael 
E А protonation Марак и 
Е О addHiomn о 
General Problems 
23.67 
(а) О О 1. NaOEt, О О 
| ii EtOH it li 
2.H 
О 
(b) О 1. NaOH, 
А T EtOH 
Оо x 2. heat i H20 
(с) о О 
1. Маон, 
EtOH 
Q + но 
2. Неа! 
(d) O о 1. NaOH, 
[| H EtOH 
CeHgCHpCH>CH + CHCH = CeHsCH2CHSCH— CCH + H0 
‚һе 
СНоСвНь CHaCeHs 


23.68 (a) Several other products are formed т addition to the one pictured. Self-condensation 
of acetaldehyde and acetone (less likely) can occur, and an additional mixed 
product is formed. 


(b) There are two problems with this reaction. (1) Michael reactions occur in low yield 
with mono-ketones. Formation of the enaminc, followed by the Michael reaction, 
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23.69 


23.70 
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gives a higher yield of product. (2) Addition can occur on either side of the ketone 
to give a mixture of products. 


(c) Internal aldol condensatton of 2,6-heptanedione can produce a four-membered ring 
or a six-membered ring. The six-membered ring is more likely to form because it is 
less strained. 


HaC О нс OH ^ CH3 


О 
ll EIOH 5 heat 
ionem ciento, === — == 
E d о о. о 


i | 
COSEt CH 
1.9 
2. В 


(a) LiAIHa, then НзО*; 
(b) POCIs, pyridine 

(c) KMnOs, ЊО; 

(d) CH3CH20OH, Н"; 

(e) Ма’ ОЕ; 

(В Но; 

(g) Ма’ OEt, then СНзВг; 
(Б) Н:О*, heat 


(а) О O 
A 1. NaOH, Cg CH CHC pH 
| + 2 CgH5CHO jun. + 2Hj0 
Se ый 2. heat 
aM | | | 
[ Mec dat 3 1. 1. HaC-CHCN. CHaCH5CN 
| i 2. 2 но © А 
xd ui 
T 
H 
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(c) О О 
CHCH = СНЫ 
1. LDA 
Ыым— 
2. BrCH»CH=CH, 
О Q О 
(d) | 1. Ма? OEt, EtOH d 
+ С РАНТЕ ТРЧИ Е 
| ЕЮ” ^CO,Et 2. НО“ СОЕ! 
| + ЕЮН 
23.71 (a) 
р A. к 
оре Оу OH 
О "X HE * 
н 1 Nat TOEI, fi SC Sd d 

H Pind EtOH Не Cu H H icr 26% 

ps ТОН: Ер UOS ПО — de C- СН 
| OOO | M 
СО»Е! l. СОЕ 2 СО»Е! 

i 
О 
T 
H35C. C 
2 зс“ "CH, 
OH + | 
СО,Еї 

Step 1: Formation of enolate. 

Step 2: — Aldol condensation. 

Step3: Loss of hydroxide. 

(b) 

EtO^C i T EtOQ5C | 
еб ЕЮ) с м ве: 
478^ ^он оО Ge н207 “оњ 

4 :О:) == -0:7 == Y 
ES liz j 
f^ Michael H4C C proton He C 
НС «C M uM T S 
о“ `сн» addition 2 тс ^ бнз transfer P CH; 
| вос H 
COSEt CO5Et 2 


The protonated form of the above structure is the product. 
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23.72 (c) 
[ i T 
EtO CG = E1026 
2 c^ 9-85 Et n ИЕ о сн 
H7 УОК Н 2 іно H | | 
[ @ =") Te 
all H3C Сс: еа НС. woe 
НС. „С | Е \ 2 CH 
C СНз ^^ CHa X 3 
ЕС H он Е 
©) О О 
| I 
еде С С 
TON Iu NN + ^ч 
m CH H40 . heat H^ CH * EtOH 
[ | t M E. 
HC _C нс С 2 
2 C^ “сн, 2 Е” “сн; 
£5 FN 
EtO C H ЕОС H 
Hagenmann's ester 
Step 1: Internal aldol condensation. 
Step 2: Dehydration 
Step 3: Ester cleavage and decarboxylation of a f-keto ester. 
р 8g 
23.73 


М — m 
CH 
A „7 2 
сн; 


Crowding between the теу! group and the pyrrolidine ring disfavors this enamine. 


apes CH3 
Мы 
а EE n N 
OBS 


CH3 flip 


The crowding in this enamine can be relieved by a ring-flip. which puts the methyl group 
in an axial position. This enamine is the only one formed. 
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Chapter Outline 


1. Facts about amines (Section 24. [-24.5). 
A. Naming amines (Section 24.1). 


1. 


Amines are classified as primary (RNH»), secondary (R2NH), tertiary (R3N) or 

quaternary ammonium salts (RaN*). 

Primary amines are named in several ways: 

a. For simple amines, the suffix -amine is added to the name of the alkyl substituent. 

b. The suffix -amine can replace the final -e of the parent compound. 

c. For more complicated amines, the -NH» group is an amino substituent on the 
parent molecule. 

Secondary and tertiary amines: 

a. Symmetrical amines are named by using the prefixes di- and tri- before the name 
of the alkyl group. 

b. Unsymmetrical amines arc named as N-substituted primary amines. 
i. The largest group is the parent. 

The simplest arylamine 1$ aniline. 

Heterocyclic amines (nitrogen is part of a ring) have specific parent names. 

a. The nitrogens receive the lowest possible numbers. 


В. Structure and properties of amines (Section 24.2). 


1. 
Z; 


3. 
4. 
5. 


The three amine bonds and the lone pair occupy the corners of a tetrahedron. 
Ап amine with three different substituents is chiral. 

a. The two amine enantiomers interconvert Бу pyramidal inversion. 

b. This process is rapid at room temperaturc. 

Amines with fewer than 5 carbons are water-soluble and form hydrogen bonds. 
Amines have higher boiling points than alkanes of similar molecular weight. 
Amines smell nasty! 


C. Basicity of amines (Sections 24.3—24.5). 


l. 
2; 


The lone pair of electrons makes amines both nucleophilic and basic (Section 24.3). 

The basicity constant Къ is the measure of the equilibrium of an amine with water. 

a. The larger the value of Ko (smaller pK»), the stronger the base. 

More often, Ka 1s used to describe amine basicity. 

a. Ка 15 the dissociation constant of the conjugate acid of an amine. 

b. р. + pK» = 14 (for aqueous media). 

c. The smaller the value of Аз (larger pKa), the stronger thc base. 

Base strength. 

a. Primary, secondary, and tertiary alkylamines have similar basicities. 

b. Arylamines and heterocyclic amines are less basic than alkylamines. 
i. The sp? electrons of the pyridine lone pair arc less available for bonding. 
ii. The pyrrole tone pair electrons are part of the aromatic ring л system. 

c. Amides are nonbasic. 
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d. Amine basicity can be used аз a means of separating amines from a mixture. 


1. Anamine can be converted to its salt, extracted from an organic solution with 
water, neutralized, and re-extracted with an organic solvent. 


с. Some amines are very weak acids. 

i. LDA is formed from diisopropylamine and acts as a strong base. 
Basicity of substituted arylamines (Section 24.4). 
a, Arylamines are less basic than alkylamines for two reasons: 


1. Arylamine lone-pair clectrons are delocalized over the aromatic ring and are 
less available for bonding. 

ii. Arylamines lose resonance stabilization when they are protonated. 

b. Electron-donating substituents increase arylamine basicity. 

6. Biological amines and thc Henderson-Hasselbalch equation (Section 24.5). 

а. The Henderson-Hasselbalch equation (Section 20.3) can be used to calculate the 
percent of protonated vs. unprotonated amines. 

b. At physiological pH (7.3), most amines cxist in the protonated form. 


л 


П. Synthesis of amines (Section 24.6). 


А. 


Reduction of amides, nitriles and nitro groups. 

1. Sw2 displacement with “CN, followed by reduction, turns a primary alkyl halide into 
an amine with one more carbon atom. 

2. Amide reduction converts an amide or nitrile into an amine with the same number of 
carbons. 

3. Arylamines can be prepared by reducing aromatic nitro compounds. 
a. Catalytic hydrogenation can be used if no other interfering groups are present. 
b. SnCl2 can also be used. 

Sn2 reactions of alkyl halides. 

1. It is possible to alkylate ammonia or an amine with ВХ. 
a. Unfortunately, it is difficult to avoid overalkylation. 
An alternative is displacement of X by azide, followed by reduction. 

3. Also, reaction of an alkyl halide with phthalimide anion, followed by hydrolysis, 
gives a primary amine (Gabriel amine synthesis). 

Reductive amination of aldehydes and ketones. 

1. Treatment of an aldehyde or ketone with ammonia or an amine in the presence of a 
reducing agent yields an amine. 
a. The reaction proceeds through an imine, which is reduced. 
b. NaBHi or NaBH(OAc)s are the reducing agents most commonly used. 
с. Tertiary amines do not undergo reductive amination. 


. Rearrangements. 


l. Hofmann rearrangement. 
a. When а primary amide is treated with Brz and base, CO: is eliminated, and an 
aminc with one less carbon 1$ produced. 
b. The mechanism is lengthy and proceeds through an isocyanate intermediate. 
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с. Inthe rearrangement step, the -R group migrates at the same time as the Br ion 
leaves. 
2. The Curtius rearrangement starts with an acyl azide and occurs by a mechanism very 
similar to that of the Hofmann rearrangement. 
HI. Reactions of amines (Sections 24.7—24.9). 
A. Alkylation and acylation (Section 24.7). 
1. Alkylation of primary and secondary amines occurs but is hard to control. 
2. Primary and secondary amines can also be acylated. 
B. Hofmann elimination. 
1. Alkylamines can be converted to alkenes by the Hofmann elimination reaction. 


a. The amine is treated with an excess of methyl iodide to form a quaternary 
ammonium sait. 


b. Treatment of the quaternary salt with AgoO, followed by heat, gives the alkene. 
2. The elimination is an E2 reaction, 
3. The less substituted double bond is formed because of the bulk of the leaving group. 
4. The reaction was formerly used for structure determination and is rarely used today. 
C. Reactions of arylamines (Section 24.8). 
1. Electrophilic aromatic substitution. 


a. Electrophilic aromatic substitutions are usually carried out on V-acetylated 
amines, rather than on unprotected amines. 


L Amino groups are o,p-activators, and polysubstitution sometimes occurs. 
и. Friedel-Crafts reactions don't take place with unprotected amines. 

b. Aromatic amines are acetylated by treatment with acctic anhydride. 

c. The N-acetylated amines are o,p-directing activators, but are less reactive than 
unprotected amines. 

d. Synthesis of sulfa drugs was achieved by electrophilic aromatic substitution 
reactions on N-protected aromatic amines. 

2, The Sandmeyer reaction. 

a. When a primary arylamine is treated with HNO» (nitrous acid), an 
arenediazonium salt is formed. 

b. The diazonio group of arenediazonium salts can be replaced by many types of 
nucleophiles in radical substitution reactions. 
i. Aryl halides are formed by treatment with CuCl, CuBr or Nal. 
il. Aryl nitriles are formed by treatment with CuCN. 
iii. Phenols are formed by treatment with СиО and Cu(NO3)2. 
iv. НзРО? (hypophosphorous acid) converts a diazonium salt to an arene, and is 

used when a substituent must be introduced and then removed. 

v. These reactions occur through radical, rather than polar, pathways. 
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3. 


Diazontum coupling reactions. 

a. Diazonium salts can react with activated aromatic rings to form colored azo 
compounds. 

b. The reaction is an electrophilic aromatic substitution that usually occurs at the 
p-position of the activated ring. 

c. The extended л system of the azo ring system makes these compounds brightly 
colored due to absorption in thc visible region of (he spectrum. 


IV. Heterocyclic amines (Section 24.9). 
A. Pvrrole, imidazole and other 5-membered ring unsaturated heterocycles. 


1. 


Structures of pyrrole, furan and thiophene. 

a. All arc aromatic because they have six л electrons in a cyclic conjugated system. 

b. Pyrrole is nonbasic because all 5 nitrogen electrons are used in bonding. 

c. The carbon atoms in pyrrole are electron-rich and are reactive toward 
electrophiles. 


Electrophilic substitution reactions. 
a. All three compounds undergo electrophilic aromatic substitution reactions readily. 


b. Halogenation, nitration, sulfonation and Friedel-Crafts alkylation can take place 
if reaction conditions are modified. 


с. Reaction occurs at the 2-position because the reaction intermediate from attack at 
thai position is more stable. 


Imidazole and thiazole. 
а. А nitrogen ta each of these compounds is basic. 


В. Pyridine and pyrimidine. 


1. 


3. 


Structure of pyridinc. 
а. Pyridine is the nitrogen-contaming analog of benzene. 
b. The nitrogen lone pair isn't part of the z electron system . 
c. Pyridine is a stronger base than pyrrole but a weaker base than alkylamines. 
Electrophilic substitution of pyridine. 
a, Electrophilic substitutions take place with great difficulty. 
і. The pyridine ring is electron-poor due to the electron-withdrawing inductive 
effect of nitrogen. 


ii. Acid-base complexation between nitrogen and an electrophile puts a positive 
charge on the ring. 


Pyrimidine has two nitrogens in the 1 and 3 positions of a six-membered ring. 
a. Pyrimidine ts less basic than pyridine. 


C. Polycyclic heterocycles. 


l. 


2: 


The reactivity of polycyclic heterocyclic compounds is related to the type of 
hetcroatom and to the size of the ring. 

Indole has a pyrrefe-like nitrogen and undergoes electrophilic aromatic substitutions 
in the heterocyclic ring. 

Purines have 4 nitrogens (3 pyridine-like, and onc pyrrole-like) in a fused-ring 
structure. 
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IV. Spectroscopy of amines (Section 24.10). 
A. IR spectroscopy. 
i, Primary and secondary amines absorb in the region 3300-3500 cm !. 
a. Primary amines show a pair of bands at 3350 cm ! and 3450 cm !. 
b. Secondary amines show a single band at 3350 ст 1. 
c. These absorptions are sharper and less intense than alcohol absorptions, which 
also occur in this range. 
B. NMR spectroscopy. 
1. IH NMR. 
a. Amine protons are hard to identify because they appear as broad signals. 


b. Exchange with D2O causes the amine signal to disappear and allows 


identification. 
c. Hydrogens on the carbon next to nitrogen are somewhat deshielded. 
2. PCNMR. 


a. Carbons next to nitrogen are slightly deshielded. 
C. Mass spectrometry. 


1. The nitrogen rule: A compound with an odd number of nitrogens has an 
oddnumbered molecular weight (and molecular ion). 


2. Alkylamines undergo a-cleavage and show peaks that correspond to both possible 
modes of cleavage. 
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Solutions to Problems 


24.1 Facts to remember about naming amines: 


(1) 


(2) 


(3) 


(4) 


(а) 


(а) 


24.2 
(а) 


Primary amines are named by adding the suffix -amine to the name of the alky] 


substituent, 


The prefix di- or tri- is added to the names of symmetrical secondary and tertiary 


amines, 


Unsymmetrical secondary and tertiary amines are named as N-substituted primary 
amines, The parent amine has the largest alkyl group. 


Heterocyclic amines have unique parent names; the heteroatoms have the lowest 


possible numbers. 
CH3NHCH:2CH3 


N-Methylethylaminc 


N—CH 
Aces 


— 


№-Миву py molidine 


{(CH3)2:CH]3sN 


Triisopropylamine 


CH3 


| 
[> NCH;CHs 


А 


N-Falisd-N апы. 
vyclopents lamine 


(c) еа 


Сү ^он; 


M 


Tricyclohex y lamine 
N-Ethsyl-N-wiethvli- 
cyclohexylamine 


(e) [(СНз)>СНЫМН (9 Gg 


> : HoNCHoCHaCHNH, 
Diisopropylamine 


l 3-Butanediamine 


(b) (HbC-CHCHoyjN 


NHCH, 
Triallylamine 


V-Methylaniine 


(е) (f) d 
NHCH(CH3)> N— CH4CH4 
3х 


N-Isopropyleyclohexylamine N-Fthyipyirole 
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24.3 The numbering of heterocyclic rings is described in Scction 24.1. 


CHO H4C £N 

a 3 (b 3 с v 
(a) \ ® » GN мым ы 

N— СНз ` БИЕР f 

— 
N, 
H 4-(VN-Dameths Fami 
S-Methoxyindole |.3-Dimethylpyrrole рулит 
x JA 
N 


5-Aminopyrimidme 


24.4 Amines are less basic than hydroxide but more basic than amides. The pKa values of the 
conjugate acids of the amines in (c) are shown. The larger the рКа, the stronger the base. 


More Basic Less Basic 
(a) CH3CH2NH2 CH3CH2CONH? 
(b Мон CH:NH? 
(c) | CHsNHCH» pyridine 
рК» = 10.73 рК» = 5.25 
24.5 
СноМнД* 
СНзСнН,СНьМНз? 
рКа = 9.33 pK, = 10.71 
stronger acid (smaller pKa) weaker avid Garger рКа) 
СНЫМНЬ 
CH3CHaCHoNHz 
PA, = 14- 9.33 = 4.67 pA, = 14-1071 = 3.29 
weaker base Mranger base 


The stronger base (propylamine) holds a proton more tightly than the weaker base 
(benzylamine). Thus, the propylammonium ion is less acidic (larger pKa) than the 
benzylammonium ion (smaller pX,). 


To calculate pK»: Ka: Ks = 10-14, pKa + рКь = 14 and pK» = 14 — pKa. 


24.6 The basicity order of substituted arylamines is the same as their reactivity order in 
electrophilic aromatic substitution reactions because, in both cases, electron-withdrawing 
substituents make the site of reaction more electron-poor and destabilize a positive 
charge. 
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Least Basie м Most Basie 


(a) Q 
OoN A je < р < Br 
H 


ic) 


ro) МН. < НЕС NH2 < НАС 
pd, cien, мыз 


24.7  Usethe expressions shown in Section 24.5. 


jog ENE]. = pH-pK, = 7.3—-1.3- 6.0 
[RNH,' ] | 
ТЕМЕШ = antilog (6.0) = 10° : [RNH, ] - 10^ TRNH,'] 
[RNH, ] | 


At pH = 7.3, virtually 100% of the pyrimidine molecules are т the neutral form. 


24.8 Amide reduction can be used to synthesize most amines, but nitrile reduction can be used 
to synthesize only primary amines. Thus, the compounds in (b) and (d) can be 
synthesized only by amide reduction. 


Amine Nitrile Precursor Amide Precursor 
(a) О 
Н 
СНзСНЬСнН,МН СНаСН>С= М CH5CH3CNH; 
(b) 
(CHaCH2CH2)2NH CH4CH;CNHCH5CH3CH3 
(c) о 
E 5 |} 
CHoNH СЕМ CNH 
NE bu ui C 27 y foe 
(c О 


mE T 
NHCH^2CH ; NHCCH 
ee tol, 


The compounds in parts (b) and (d) can't be prepared by reduction of a nitrile. 
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24.9 


МНЯ 


Step 1: — Addition of hydroxide. 
Step2: Ring opening. 

Step 3: Proton transfer. 
Step4: Addition of hydroxide. 
Step 5: Elimination of amine. 


Step 6: Proton transfer. 


24.10 The upper reaction is the azide synthesis, and thc lower reaction is the Gabriel synthesis. 


ш CHoCH5N4 CHaCHaNH, 
1. МАНА _ 
2 но ^ но 
HO Е Dopamine 
OH 


potassium 6 “OH, H20 


phthalimide 
ate 
- | ae OH 
ls 
О Он 


24.11 Look at the target molecule to find the groups bonded to nitrogen. One group comes from 
the aldehyde/ketone precursor, and the other group comes from the amine precursor. In 
most cases, two combinations of amine and aldehyde/ketone аге possible. 
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24.12 


24.13 


Chapter 24 


Amine 
(a) ora 
CH4CHaNHCHCHs 


tb) 


C27 NHCH2CH; 


Amine Precursor 


Carboml Precursor 


il 
CH3CCH3 


CH3CH2NHo 
CH, ar 
| 
HaNCHCH, CH4CHO 
C 27 NH3 CH3CHO 
C> NH» СН20 
UN 
Н2МСНз (= O 
ть 
CH3 NCH» CH3 
NaBH, НС 
и 


In both of these reactions, the product amine is formed from a carboxylic acid derivative 
precursor that has one more carbon than the amine. In the Hofmann rearrangement, the 
precursor is an amide, which is treated with Br2, NaOH and H:O. In the Curtius 
rearrangement, the precursor is an acid chloride, which is treated with NaN;, then with 


H20 and heat. 
(а) 


SOCI NH3 
(CHa3)4CCHaCH5COSH ——À- (CH4)4CCH5CH3COCI — —»- (CH4)4CCH2CH5CONH» 


| Мама 


| Bra, NaOH 
H20 


Но 
(СнззСсньСнСОМа — 2 (CHg)3CCH2CH NH» 


heat 
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(b) 


SOCI 
NaN4 


Bro, NaOH 
но 


24.14 The Hofmann elimination yields alkenes and amines from larger amines. The major 
alkene product has the less substituted double bond, but all possible products may be 
formed. The hydrogens that can be eliminated are starred. When possible, cis and trans 
double bond isomers are both formed. 


(a) Amine Alkene Products Amine products 
№ 
CH3CH2CH2CHCH2CH2CH2CH3 СнзснгСн=СнСнгСнгСнгСнз (CH3)5N 
or 
CH3CH CH »CH=CHCHsCH2CH3 (CH3)sN 


Both hydrogens that might be eliminated are secondary, and both possible 
products should form in approximately equal amounts. 


(b) А NH» (CH3)3N 
(©) hic 
CH4CH5CH5CHCH3CH5CH; CH3CH2CH=CHCH2CH2CH3 (CH3)4N 


In each of the above reactions, only one product can form. 
(d) NHCH5CH4 Н>С==СНЬ (major) * N(CH3)0 
т or 


(minor) 2 (CHa)2NCH>CH, 


The first pair of products in (d) results from elimination of a primary hydrogen 
and are the major products. The second pair of products results from elimination 
of a secondary hydrogen. 
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24.15 
48 pos 
NN N— E E N—CH3 heat N— CH3 
(excess) “OH 
22 
+ AgI + Н20 


The product, which contains both the double bond and the tertiary amine in an ring- 
opened structure, can undergo a second Hoffmann elimination. 


Ha Ca Ha Hs 


5 ) + (CH3AN 
BL + Ms ue AT +N— = _heat i 33 
ЕЕ: Ч 
А А + H0 


24.16 This reaction sequence is similar to the sequence used to synthesize sulfanilamide. Key 
steps are: (1) treatment of aniline with acetic anhydride to modulate reactivity, (2) 
reaction of acetanilide with chlorosulfonic acid, (3) treatment of the chlorosulfonate with 
the heterocyclic base, and (4) removal of the acetyl group. 


HNO3 | Ha Pt 
HeSO, EtOH ih 


l | (CH4CO)50 


О О 
i HOSOsSCI f 
CH3CNH 5024 7,77 — — CHSCNH 


+ CH4COH 


О 
] S, NaOH 
CH4CNH S02- NH—K kao Fo $02- = 
м d 


Sulfathiazole 
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24.17 In all of these reactions, benzene is nitrated and the nitro group is ultimately reduced, but 
the timing of the reduction step is important in arriving at the correct product. In (a), 
nitrobenzene is immediately reduced and alkylated. In (c), chlorination occurs before 
reduction so that chlorine can be introduced in the m-position. In (b) and (d), 
nitrobenzene is reduced and then acetylated in order to overcome amine basicity and to 
control reactivity. In both cases, the acetyl group is removed in the last step. 


Either method of nitro group reduction (SnCb, H2) can be used in all parts of this 
problem; both methods are shown. 


(a) NH» N(CH4)o 


Н». Pt 2 СНА Вг 
—— 
EtOH 


Mono- and trialkylated anilines are also formed. 


(b) NHCOCH3 NHCOCH, 


—^ — 
FeCl, H5O 
problem 24.16 
(problem ) С 
МО» 
: Clo A 1. SnClo, H30* 
Ыы— 


(c) NH» 
2 HNO} 
ы— ——- 
L H2504 FeCl, 2. NaOH, H20 
CI CI 
(d) NHCOCH; NHCOCH; NH» 
CH; CHa 
2 CH4CI NaOH 
———— Е onal 
AICI, H20 
(problem 24.16) CH, 
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С С 
СНЗС1 HNO3 1, 51015. НО“ 
————m- ————m- TM MÓÓ— Je 
AICla4 H2504 2. NaOH. но 


24.18 (а) 


p-Bromobenzoic acid 


The route shown above is one of several ways to synthesize p- bromobenzoic acid 
and is definitely not the simplest way. (The simplest route is Friedel-Crafts 
alkylation — bromination — oxidation). The illustrated synthesis shows the use of 
the diazonium replacement reaction that substitutes bromine for a nitro group. 
Oxidation of the methyl group yields the substituted benzoic acid. 


„НМОз 1. 15°С. HgO H,0* 
`нь5О; ect 2. NaOH HzO Маон, H5O 
r 


HNO> 
H5804 


(b) 


CO>H + | 


"Ts acid 


Again, this isn't the easiest route to this compound. In this case, nitration is 
followed by bromination, then by diazotization, treatment with CuCN, and 


hydrolysis of the nitrile. 
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(с) 
№Н$04- с 
A = > 
— e 
us 
Br Br 
from (b) nt- Bromochlorobenzene 
CHa CHa 
СОМ но“. 2 | 
n 
| 
*NeHSO4" COH 
from (a) n-Methylbenzesie acid 
(e) 
NHCOCH3 NHCOCH3 NH + N5HSO4 Br 
Br Br Br 
28 f HNO, (7 Nr cue (2 
S HS, A х. 
(Problem 24.16) Ed | 
Вг Вг Br Br 
1.2.4-Tribromobenzene 
24.19 
NOs NHo No” HSO47 
+ 
НМОз 1. SnClo, H30 HNO3 
H2804 2. NaOH, HzO H2504 
ВС ` | 


Problem 24.17(a) 


a —N — Усна 


рУ N-DimethylaminoYazobenzene 


Coupling takes place between N,N-dimethylaniline and a benzenediazonium salt to yield 
the desired product. 
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24.20 


24.21 


24.22 


Chapter 24 


Fhiazole 


Thiazole contains six z electrons. Each carbon contributes one electron, nitrogen 
contributes one electron, and sulfur contributes two electrons to the ring z system. Both 
sulfur and nitrogen have lone electron pairs in sp? orbitals that lie in the plane of the ring. 


[RNH, ] 
log 24 = pH - pK, =7.37-6.00 21.37 
"IRNH.] PH-CPK. 5 
IRNH;] L antilog (1.37) = 23.4: [RNH,] - 234[RNH,'] 
[RNH, | 


[RNH,*]+ 23.4[RNH,*] = 24.4 RNH,' ] = 10096 
[RNH,*]= 10096. 24.4 = 4.1% 
[RNH, ] 2 10096 — 4.1 — 95.9% 


4.1% of histidine molecules have the imidazole nitrogen in the protonated form at 
physiological pH. 


Attack at C2: 


a а (+ Жж + já S TS 
uM Il E xX Е у Е 
М М М М 
oe H ef H =e H 


Pyridine unfavorable 


Attack at C3: 


E E + E 
А T We + | a H a H H 
| —— | PN = № = С | 
M | м ALY + + 27 2 | 
| N N N | 


Attac k a C4: E H | 
2 a E* 4 
| | m 
M Yo 
5 N 


unfavorable 
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Reaction at C3 is favored over reaction at C2 or C4. The positive charge of the cationic 
intermediate of reaction at C3 is delocalized over three carbon atoms, rather than over 
two carbons and the electronegative pyridine nitrogen as occurs in reaction at C2 or C4. 


2423 : 
CH3CH3N(CH3)À 


К NN-Dimethyltry ptaniine 
N 
\ 
H 
The side chain nitrogen atom of N,N-dimethyltryptamine is more basic than the ring 
nitrogen atom because its lone electron pair is more available for donation to a Lewis 


acid. The aromatic nitrogen electron lone pair is part of the ring z electron system. 


24.24 


Attack at C2: 


Attack af C3: 
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Positive charge can be stabilized by the nitrogen lone-pair electrons in reaction at both C2 
and C3. In reaction at C2, however, stabilization by nitrogen destroys the aromaticity of 
the fused benzene ring. Reaction at C3 is therefore favored, even though the cationic 
intermediate has fewer resonance forms, because the aromaticity of the six-membered- 
ring is preserved. 


24.25 
МН, 
CH44CCCH4, ———— —* (CH44CCHCH 
( zo 3 NaBHCN ( sip a 


The IR spectrum (pair of bands at around 3300 cm !) shows that B is a primary amine, 
and the 'H NMR spectrum shows a 9-proton singlet, a one-proton quartet, and a 3-proton 
doublet. An absorption due to the amine protons is not visible. 


Visualizing Chemistry 


24.26 
CH3 (c) {= EHICH3)2 


(a) "ye jH (b) H 
C CH N 
озү?" хе VU 
| Ном H 


H 
А А Г ч ^ АЯ ilino 
N-Methylisopropylamine trans-(2-Methyl- A-Isopropylaniline 
cyclopentyl amine 


secondary amine primary amine secondary amine 


24.27 
pyridine EE см -«— alkylamine 


nitrogen —eN ec я (more basic) 


(less basic) N / ан 
до 
Нм —— amide 
(not basic) 


24.28 


5 

ў 1. excess CHa! "C 
і —— e 

H CH3 2. AgoO, H20. heat 


(1520-1 2-Diphenylpropy Damine (Z)- 1,2-Diphenyl- I-propene 
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Hofmann elimination is an E2 elimination, in which the two groups to be eliminated must 
be 180? apart. The product that results from this elimination geometry is the Z isomer. 


24.29 
М — 
NH» -«—— MOSI basic 
\ 7 | 
N 
] 
H 


The indicated nitrogen is most basic because it 15 more electron-rich. The electrons of the 
other nitrogens are part of the fused-ring л system and are less available for donation to a 
Lewis acid. 


Mechanism Problems 


24.30 (a) 
„СНЕ 1 Sodium ^CHaNH; : 
X phihaimede ‘or Nal 
PERSE ^ * ом 
2. OH, 
CH; = CH, 
o 
Mechanism: 1: 
+ ‘O° 
Na lt P 
и 08 он SU X Co УМ СА 
"o о" о o о но н н H OH 
QN © N > > NOS: | 


M 
‘| 
5 
| 
me 
A 


not simultanecs, 
either order 
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(b) 


Pod 


Mechanism: А 


not simullaneos., 
either order 


To 
хин ( 


но: 


not simultaneos, 
either order 
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(d) 


1. Sodium +a 
лл з pnthalimicle RENI + Nad Sne 
9 2. он. њо 9 f 3 
о 


Mechanism: 
oy сы 
n ы ОИ у edet нф J тш 
t Na T 5 ^ mee 
pu у тү м нн 
—- E | ары wt =" 
] Я m ч: WIL NOS „ор 
Е ы “чо МЛ Moz Vn | 
į р: Е & : 
б. Д w поі simultaneos, 


ейһег order 


.. о 
m H д Б E at 
[m — Уо or —- Oy А 5 о: НО: 


НО; :02_ „О? 
кайы Ho: 


nei simultlangos, 
tilher order 


| 


24.31 (а) 


о 
N(CH3)2 
* CH3);NH a 
(Сна CH3CH;OH 
Mechanism: H 
m a "Ee H3 


5808 *NH(CH3 — à Mi —- 
— HO. мен»  7—- 


НзС. + „CH3 
^N. 


н МОНА Hi 5 
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b dn x Мы Мавна 
EM 
NA; “снусы;он 


Machanism: 


HNN ч. | HNTO 


NaBH HN 
Б + NHz — 
CH3CH20H 


22 
Mechanism: 
CH3CH D H 
а 2! RO гем 


но 
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(d) 
H 
Е n NaBH, A N 
CH3CH20H N 
o H 
Mechanism: 
N 
— NŠ == . == N 


H 
т ых №, 
+ 
H - 
^ X 
N & C) additon from top 
‘ Ё + 


апа 


[Ж xx | 
"т н а 0) 
Н addition from bottom C) 


24.32 (a) 
Jl de Bro, NaOH 
Нам Hio 
Mechanism: 
“or оз 
d a AAA cds 
| 
СО» 
oe a wes 
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о 
Br;, NaOH MEE 2 
NH; њо 2 
Mechanism: 
“or “с КР ‘Br 
HA ӧн  —- ге CN B 
0 tt — т. Er- Cs puo 
H H H^ он 
HO: CO; нб-2н e 
NH; AY VERE $ Я o : —— —»- а= Сы 
Cr Ст = mE 
HO: 
+O.» s 
(c) 
F Bro, NaOH 
a Ном о + co 
о че N 2 
НМ ^ H20 
Mechanism: 
26 © Bet ск 
но: nt NS oD se P UE OEA 
| e | wi D 
H H Hoz "н 
CO; EE dE 
HN. 207 «Оз he e М ON uL Be On 
aN „ч. -— H^ — p d NON, М4 
s Sr 107 .. 
0. 
он у nus њо: 
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Mechanism: 


нр: 
R CO; 
++ ы 
NH2 


24.33 (a) 
о 


P 


Mechanism: 


Brz, NaOH 
—— С 


1. Мам» 
е >> 
2. Н2О, heat 


pes 


н8-2н 
d 


CO; 
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AN gi Og: 


De i № Jj со; 


Eo 1с: P der 
FE] —À ee 
у = AO. 
EM Na. 


О INEN: 
N A о? 
d CH 
О. Он 
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(b) 


о 1. Ма№ 
—————- + № + CO» 
2. H20, heat H2N 
Cl “27 


Mechanism: 


CO; Я 
ws . а H "M 
HN —— "Ol N шее М 
2 н< -+ А Pd 
ӧн Кел HOH =) 
HO: 


NH2 
, Nan 
Rio ИК + № + СО, 
2. H20, heat 
м H 
N: 
E > 2 
: „С 
г . 
== X :б: 7 
кє о 7) "A 
TS Py HO--H = 
А NH 22 
нб; 2 CO; н AMO 
HN“ То “10H 
—_— — oe 
H CO 
H н 
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(4) 


1. NaN 
а МӘНӘ oo Hos c 4 № + со; 
2. 2.Hj0,heat — heat 


Mechanism: 
“0% THINGS hv аа 
© ы. = N n = (Шол. 
: UN AN 
—€— + X. NA “М 
‘м=м=; : ITO 
CO; H3—OH 
“or N 
K Ч in 
HN REN н< Pere N 
VAN Иа oa 
= “О, H*—0H 102 
in ©. d 
HO”, 
24.34 
wkd: HOW SHH Or 
/ + С], 
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24.35 _ 
HC — CH; ‚ нус = H5C — CH» 
1 l i # ' 
R—C с— XT :n-G  c-m — вс 0, 
ray LAT. Г, \\ VE LE ‘NH 4 \\ NH 
О cet HO: Оно 3 
“AHA Б + , 
Y | 3. 
Н y 3B 
i_H _ 
H5C — CH HeC —C 2 р НС —CHa 
П Р . 
R—C С В. —= R—C T =— R—C Cy. 
ns 5 о «NH O УМН 
г О: УМНО © * te 2 о H о» 2 
us + H20 
6} 
R—C«, C—R z> R> — — Rad е 
А 7 7na e 2 T$. £40. GRA 
он^:№н, HO: N но N 
т + /A 
HH H 
| 
Br^ * H 
[ "e CH 
HC — CH Com 
i М | м, \\ 
НС. CHAR сея 
N 10. i " 
: | н + 20 


Steps 1,6: Protonation. 

Steps 2,7: Nucleophilic addition. 
Steps 3,8: Proton transfer. 

Steps 4,9: Loss of water. 

Steps 5,10: Loss of proton. 


The mechanism consists of the nucleophilic addition of ammonia, first to one of the 
ketones, and then to the other, with loss of two equivalents of water. 
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24.36 "T" g " 
О: а HO но CH3 H20: Снз 
N M a в 
со: = CCH, a Су. 
H c f ! H c! | 2 H c Aleve) H c “нон 
M, PA `= NHOH 2А a 
pos pe 3 fona CCH, 
о О о о 
Т 
E р 9 EE 
| KS - ыз С (/ | 
| Ум ЕГИ х, т" Ёмон ^st. он 
| HC l4 Н2С "1 i 2. Н2С =ч Ho + 
бн в ra „CCHa ens 
7." CH. | 
uo: © но ^? CO ніХ O + њо 


a 


CH CH І CH 
] 8: ТЗ | pe 
/ > —— "V" —X———— / `> 
ni . N N 
Hee wo * “cii 10. с | 
2 Рай + 
\ H № С v 
cil 20 - c-9 
MN >” 7 + | 
н;О<'СН3 H5O + CH, CH3 
3,5-Dimerhylisoxazole 


Steps 1,6: Protonation. 

Steps 2,7: Nucleophilic addition of hydroxylamine. 
Steps 3,8: Proton transfer. 

Steps 4,9: Loss of water. 

Steps 5,10: Loss of proton. 


This mechanism 1s virtually identical to the mechanism illustrated in the previous 
problem and involves two nucleophilic additions to carbonyl groups, with loss of water. 
These addition-climinations are nucleophilic acyl substitution reactions. 
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24.37 Benzaldehyde first reacts with methylamine and NaBHs in the usual way to give the 
reductive amination product N-methylbenzylamine. This product then reacts further with 
benzaldehyde in a second reductive amination to give N-methyldibenzylamine. 


Г Өг 
ч i ~ 
H  HNCH / 
e = Cy^g- 
СНз CH3 | 
OH + н P | | 
í р 
С 261 
Sicr ЕЗ ксн; 
CH3 CH3 
| NaBHy 
CH2 aic -« \ N-Methyldibenzylamine 
CH3 
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24.38 


Porphobilinogen 


Step 1: ^ Nucleophilic addition. 

Step 2: Cyclization. 

Step 3: Elimination of lysine. 

Step 4: Elimination of the other lysine. 


Step 5: Ташотегіғайоп. 
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24.39 The reaction of trimethylamine with ethylene oxide is an Sn2 reaction that opens the 
epoxide ring. 


Ж *- НО + 
НС CH, ——>» (CHa)3NCH5CH50: — > (CHggNCHSCH30H + "OH 
Choline 


24.40 


enamine 


Steps 1 – 3: E] elimination (protonation, loss of НОСНз, deprotonation). 
Steps 4 – 6: 5м2 substitution (protonation, substitution, deprotonation). 
Step 7: El elimination of carbamate. 

Steps 8 – 9: conjugate addition of DNA (addition, deprotonation). 


Notice that five of the nine steps are either protonations or deprotonations. 
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м а 
Vo: ES 
P 2 | N 
с Мз — R4 NH 
TX Я \ 3 
NH NH 
г H,0* Ж 

H | H 


Step 1: Addition of NH3. 
Step 2: Elimination of OH. 
Step 3: Addition of CN. 
Step 4: Hydrolysis of nitrile. 


of 


Amines and Heterocycles 


The mechanism of acid-catalyzed nitrile hydrolysis is shown in Problem 20.25. 


Step 1: Conjugate addition of hydrazine. 


Step 2: Proton transfer. 


Step 3: Nucleophilic acyl substitution, forming the cyclic amide. 


Step 4: Proton transfer. 
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24.43 


Hofmann rearrangement (the mechanism is shown in Section 24.6) of an a-hydroxy 
amide produces a carbinolamine intermediate that expels ammonia to give an aldehyde. 


24.44 
CR 
МО: 


М, 


N— СНз 


О + CH3OH 


Step 1: Conjugate addition of amine. 
Step 2: Proton transfer. 

Step 3: Nucleophilic addition of amine. 
Step 4: Proton transfer. 


Step 5: Elimination of methanol. 
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24.45 
^^ 
/ e COSCH 
Г Eve se mS 
и 22 
Мн = Ny 
он |. | {он + i 
EtaN | 
СОСН 
Cu 
CY 1 сү зм. CY 1 ~ 22 
ur S es + 
д \ son + ENH 


Step 1: Sn2 displacement of Br by amine. 
Step 2: Deprotonation. 

Step 3: Conjugate addition of alcohol. 
Step 4: Proton transfer. 
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24.46 


HO” | | HO HO 


(S)-Norcoclaurine 


Step 1: Nucleophilic addition of the amine to the protonated aldehyde. 
Step 2: Proton transfer. 

Step 3: Loss of water. 

Step 4: Electrophilic aromatic substitution. 

Step 5: Loss of proton. 
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Naming Amines 


24.47 
(а) 


(с) 


(е) 


24.48 
{а) 


(с) 


(е) 


Вг 
2 A-Dibromoaniline 


С МНСН2СНз 


N-Fithyleyelopenty lamine 


(A — CH3CH5CHa 


N-Propylp rrotidine 


Qo * 
N(CH3)3 


NN-Dimethylaniline 


а ^ 
( NHCH3 


N-Methyteyclohexylamine 
(H4C)9oNCHoCHSCOSH 


34 NN dimethylamimopropano 


Amines and Heterocycles 


(b) PET 
L CHaCHpNHg 


(2-CyclopemylethyDaarine 


NUN Dimethyleyelopenty lumine 


4- Aminobutaneniumie 


(ona 


(Cyclohexylmethy lamine 


CH; 


м -NHa 
ый 


(2-MethyleyelohexyDamine 
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ө) M 


secondary amine 


(b) T 
A | NS sccondary amine 
XM N -— : 
\ 
H 


Amine Basicity 


X Rr tertiary aminc 
Su 
tertiary 


amide 


N -— secondary amine 
К y 
H 


Lysergie acid diethylamide 


24.50 The pyrrole anion, СаНаМ:, is a бл electron species that has the same electronic 
structure as the cyclopentadienyl anion. Both of these anions possess the aromatic 


stability of 6 a electron systems. 


b 
Mee Ы 
/ Т 


NH; 


Histamine 


The “а” nitrogen is most basic because its electron pair is most available to Lewis acids. 
The “с” nitrogen is the least basic because the lone-pair electrons of the pyrrole nitrogen 


24.51 
C N^ 
А 
H 
are part of the ring z electron system. 
24.52 


МН» 


МО» 


HoN 


NO» 


The inductive effect of the electron-withdrawing nitro group makes the amine nitrogens 
of both m-nitroaniline and p-nitroaniline less electron-rich and less basic than aniline. 
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NO» 


When the nitro group 1$ para to the amino group, conjugation of the amino group with the 
nitro group can also occur, p-Nitroaniline is thus even less basic than m-nitroaniline. 


Synthesis of Amines 


24,53 
(à сн„сньсньс Pars Ма c 
2 2 2 HOH a CHyaCHaCHeCH Br ере СН>СН2СНСНоМз 
1. НАНА 
2. НО 
СН>СН»СН>СН>МН2 
Butylanime 


(b) CrOg SOCI» 
CH2CH2CH2CH2OH == Снуснусн;СО;н 77 CH;CH;CH;COCI 
3 


+ 
CH5CH2CH5CH5NH2 
from (a) 
NaOH 


i |! 
CHa4CH5CHaCHa2NHCHaCHSCH5CH3 Pot CH4CH5CH4CNHCH3CH5CH5CH3 
Dibutylamine 


(c) CrO3, H30* 


CH2CH2CH2CH20H CHaCHaCH3CO;H 
Bra. NaOH " | ВОВА 


2 NH 
т CHaCHSCH2CONHa *—& 
сн,сн,снмн,# H20 CHpCH3CH,COC 
sv NaN 
Propylamine ir CHaCH»CH3CON 3/ 
H20. heat 
PBr NaCN 
(d) снысносносноон ——À»- сноснасносное — M CH;OHSCHSCH;CN 


1, НАНА 
2. HzO 


CH5CH5CH5CH5CHoNH» 
Pentylamine 
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(e) Periodinane NaBH, 
CH aCH oCHaCH2OH "ob CHSCH5CHSCHO (C H3)9NH H CH5CH5CH5CHSN(CH4)5 
N.N-Dimethylbuts lamine 
(f) excess + _ 1. Ад20, H50 
| CH5CH5CH3NH^5 CH CHoCH5CHoN(CH3)I ə hea о CHCH = CH» 
from (с) 2 Propene + {СНз)3М 
24.54 UN 
(a lo 
Pentanamide 
Bra. NaOH 
(b снусньсносньсомнь -——À—— —- — CH3CH;CH2CHSNH; 
from (a) hee Butylamine 
1. LiAIH 
(C)  CH4CH5CHSCHSCONHa о CHaCHeCHaCHyCHaNHp 
from (a) 22 Pentylamine 
(d) 1. Bro, PBra г 
снзсноСн;Сн;СОрн > СнзСНЬСньСНСо»н 
|? 2-Вготоремапо acid 
З H 
(©)  CH;CHSCH4CHSCO;H = T CHaCHaCHaCH4CH40H 
| PBr4 
NaCN 
Mexanenitrile 
1. LiAIH 
(D снусньсньсньсньсм ож CH3CHZCH?CH;CH;CHaNH; 
fram (e) ToU Hexvlamine 
24.55 


(a) 


NO» Ha 
HNO3 4.SnClo, Н 

———— Senge 

Н2$04 2. NaOH, H20 
b „СОМНо 
(6) Bro, Маон (7 
— WO 
us 


(c) CH3 СОН COCI CONH% NH» 


KMnO4 (Z^ ^w SOCL 2 МН Bry, NaOH 
————— — ———— 
H0 Ц. E Н20 
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24.56 First, synthesize aniline from benzene, as shown in Problem 24.38 (a). 


снн, 


HNO2 _ CuCN A ЧАН _ 
H50; ? H0 ^ 


(a) 1. НАНА 
CH4C Н.С HoCH5CONH» 2.H0 ^ CHa4CHoCHACH5C HoN Hə 


24.57 


АН. 


(b) CH4CH2CH5CH^SCN оно 7 CH4CHaCH2CH5CHSNHz 


(c) 1. BHs, THF 


Per 
CH3CH,CH— CH, оон” CHgCHyCH2CH20H — Зы CHyCH2CH2CH Br 
72-025 


| Масм 
1. ШАН, 


CH4CH5CH5CH3CH3NH»5 но 
2 


CH3CH3CHoCHsCN 


NaOH 
(d) CH4CH5CH5CH3CH5CONH» = CH4CH2CH2CH35CH3NH» 
4 


$93 Q5 


NH 
CH3CH2CH2CH,CHO poses CH3CH5CH3CH2CHaNH» 
азгы 


| РВ» NaCN 
(D CH3CH2CH2CH5OH З СНУСН»СН2СНЬВг — Á CH4CH5CH5CH5CN 


1. НАНА 
2. H20 


CH3CH4CHaCH;CHaNHs 
CHa3CHaCH5CH3CO5H e CH4CH35CH5CH5COCI 
| 2 NH3 


1. НАН 
CH3CH2CH2CH CH 2NH> RETE CH4CH4CH;CHa3CONHo 
мо 


24.58 
en n ria NHCH4 
| 


а ЛА > 
CHOH Ephedrine 
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Reactions of Amines 


24.59 Л 
NH» No HSO4* CH; 
HNO» H3PO» CHa4CI 
H2504 АС 
CN (a) CONH> (с) 
CuCN 
NaOH 
—> 
Но 
(b) 
24.60 
Bro 
=‘ < + 
1 mol 
Br Br 
m Toluidine 
(нс МН НЗС * N(CH34E- 
CHal 
— y 
excess 
Нас Мн, HaC NHCOCH3 
кш. CH4COCI 
—— г 
рупате 
CY HOSOsCI XY 
———— 
СЮ, 
24.61 


а 
| Br NH an M СНГ 
2 excess 33 


(b) - 
NH3 CI 


No НО, 
H50; E 


<p = Os 
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(d) CH3COC! m 
(e) SE CH4MgBr 
В: WE МН» — Вг МН МоВг + CH4 


H 
0 CH4CH5CI | 
АСВ | 


H 
(g) == + _ CuCl 
(h) = CHgCH2Cl 
Br NHCOCH, ———-—» Вг NHCOCHs 
\ 7 АСВ 
CH>CH3 


In (e}, the amine reacts with the Grignard reagent and inactivates it. 


24.62 Hydrogens that can be eliminated are starred. In cases where more than one alkene can 
form, the alkene with the less substituted double bond is the major product. 


1. excess CHI 
2. AgoO. H20 
— = 


Amine a heal Alkene + Amine 
(a) : 
(b) Chs HoC = CHCH5CH5CH5CH3 N(CHg}2 
HNCHCH3CH5CH5CHs major 


СНУСН== CHCH,CH2CH, 


minor 
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(c) Qs quis 
CHgCHCHCH»CH2CH, CH3CHCH=CHCH CH, + N(CH3)a 
NH» major 
р 
CH3C — CHCH5CH5CH4 
minor 
24.63 
(a) NO» NH3 
a HNO3 Но, Pt 
m H5SO4 EtOH 
CH3 CH3 CH3 
(b) NH» + N9HSO4 CN CHaNHo 
HNO» CuCN 1. НАНА 
—_— I —.— — ——ә 
H5SO4 2. H20 
CH CH3 CH3 CHg 
from (a) 
(c) МО» 
KMnO4 HNO3 1. SnClo, H40* 
———— ond ——— 
но Н>504 2. NaOH, НО 


сон COH 


МН 
CH4OH 


-—L.——————— | ||| -A————— 


H* catalyst 


pe. Q 
TX 
w 
> 
m 

) 
2. 
n3 
I 
Co 
O 
= 
Liz 
Е 
Lis 


COCK, COH COH CO, 
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(a) Chal А920. H20 
———— —— E 
ехсе55 à + 
N N^ T^ М он 


24.64 


| "E ÁN 
А нс сн В нс сн 
| heat 
=" 
+ + 
22 
N N N 
£N c £N JEN 
HaC Ch НС CHa HaC Chg 
minor major minor 
СОСІ СОМ NzCzO NH 
(b) 3 2 
СУ NaN4 CY heat H50 
—_ ^^ —> + —— + 
М со 
А в 4 Е: 5% 
(с) р О О 
А кон (7 + CgHsCH;Br 
| NH —— м Ki GRÉ. N— Снн; 
Su. ENS ( 
+ НО + КВ 
О А DS B О | 
- | КОН, но 
z CO» 
‚  СьНЗСНЫМНЬ 
м. 
COS c 
(d) НС — CH» 
k | ————— n N 
NH 
cane CH3 
1 equiv 
3 
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Spectroscopy 


24.65 The 'H NMR of the amine shows 5 peaks. Two are due to an ethyl group bonded to an 
electronegative element (oxygen), two are due to 4 aromatic ring hydrogens, and the peak 
at 3.40 6 is due to 2 amine hydrogens. 


NHCOCHs NH» NH» 
“OH HI А 
——— o —^ 
OCH CH, OCH2CHs OH 
+ CH4COS + CH4CH.I 
Слон (NO; CgH41NO CgH;NO 
Phenacenn p-Ethox yaniline p- Aminophenol 
24.66 
(a) HOCH2CH2CH2NH9 а= 1486 (b) (CH40)5 CHCH5NH; з= 1296 
е 4 а © BP bs 2.690 D DILE DIRA 
c= 2890 c= 33995 
d= 3.7206 d= 4310 


(с)  2-Phenylethylamine 


Сү 


24.67 Dibutylamine 


H 
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General Problems 


24.68 
т 
C ci CH=CH 
а 
cá сн, 3 CHCHaNCHS 
E CH3 
(a) МНз, NaBHı; 
(b) excess CHsl; 
(c) Ag:O, H20, heat; 
(d) RCO;H 
(e) (CH:pNH. 
Step (e) is an Sn2 ring opening of the epoxide by nucleophilic substitution of the amine at 
the primary carbon. 
24.69 
D 
d 
Oxazole 
Oxazole is an aromatic 6 z electron heterocycle. Two oxygen electrons and one nitrogen 
electron are in p orbitals that are part of the л electron system of the ring, along with one 
electron from each carbon. An oxygen lone pair and a nitrogen lone pair are in sp? 
orbitals that lie in the plane of the ring. Since the nitrogen lone pair is available for 
donation to acids, oxazole is more basic than pyrrole. 
24.70 
+ „Н H 
OF: To i о“ 
|} || -—— | 
C. Сс... С; + 
R~ “мн, R^ "NH, R^ "NH, 
N-Protonation O-Protonation 
(no resonance stabilization) (resonance stabilization) 


Protonation occurs on oxygen because an O-protonated amide is stabilized by resonance. 
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24.71 N-Ethylaniline 


“мн 
24.72 
22 
E b,c Чу» 
О NHCHs 
(a СН›=СНСН2СЬ АСВ; 
(b Hg(OAc)2, Н2О; NaBHs; 
(c) СгОз, H30* 
(d) CH3NH5, МаВНа. 
24.73 
A OH 
Бе ы MgBr LL ашы а —CH СЕВ 
[сз H30* 
CHa 


О 
| HoNCHs || 
CH3CHNHCH4 = CH4CCH 
м МВ 26а 
Cyclopentamine 


The last step of the synthesis is a reductive amination of a ketone that is formed by 
oxidation of the corresponding alcohol. The alcohol results from the Grignard reaction 
between cyclopentylmagnesium bromide and propylene oxide. 
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CH4CH3CH3CHO 
CHa( (CHp) МН Сосн,снм СНа)о 
NaBH, 


24.74 


Tetracaine 
— О 
саби CHoN(CH 24 а H3N cout CHoN{CH 
— 
2CH2N(CH3)2 FIOH 2 WV 2CHoN(CH3)» 
1.806 (c) Benzene 
(b) 2. И | CH,C! 
yridi AlCi4 


KM мо, m HNO3 


The synthesis in (a) is achieved by a reductive amination reaction. Reactions in (b) 
include formation of an acid chloride, esterification, and reduction of the nitro group. 


24.75 
ae CH3 М? CHa 
Н55Ол + но 
\ 
ос —снСень Sn 
Atropine | Он Tropine Tropidene 
+ 


HO2CCHCeHs 
CHOH Tropic acid 
We know the location of the -OH group of tropine because it is stated that tropine is an 


optically inactive alcohol. This hydroxyl group results from basic hydrolysis of the ester 
that is composed of tropine and tropic acid. 


24.76 
ue CHa №(СНз}> 
1. CHol 1. СН 
р. А920. H20 2. Ад20, H20 3 N(CHa)4 
3. heal 3. heat 
Tropidene Tropilidene 


Tropilidene results from two cycles of Hofmann elimination on tropidene. 
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24.77 The formula СН; 7№ indicates two degrees of unsaturation in the product. Both are 
probably due to rings since the product results from catalytic reduction. 


Step 1: Reduction of nitrile 
Step2: — Nucleophilic addition. 
Step3: Dehydration. 

Step 4: Reduction of double bond. 


24.78 The molecular formula indicates that coniine has one double bond or ring, and the 
Hofmann elimination product shows that the nitrogen atom is part of a ring. 


1. excess СНА! 
2. Ад20. НО 
У E. 
N 3. heat (CHgoN z 


P 


H 
Coniine 35-GN, N-Dimethylamino)-1-octene 
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СОЕ 
РО; « $026 
CH» oc C 
/ H 
CH3CH2CH5C CH» Loe OTO. е етее ОН; 
ft + fi 2. H40 fod 
О CHCN m о Снром 


2 [НзО*, heat 


E н H 
"A и ; \ и 
pow | Ha, РІ pow 
N | О сн» о енсем 
НМ | + СО, + ОН 
| Но, PI 2 “н 2 
H ді 
Coniine 
UN 


Step 1: Michael addition. 

Step 2: Ester hydrolysis; decarboxylation. 
Step 3: Reduction. 

Step 4: — Cyclization. 

Step 5: Reduction. 
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Chapter 24 


CH _Нмоз _ _ HINO, _ 
“AIC, moo H3SO4. 


+ HSO, 
| cuo 
Коо но 
CHaCHaNHp CH5CN CHBr 


ЙК 
1 ЧАНД NaCN NBS ^ | 
= 
“2. Но є 
он 


e ne 


When you see -СН:М№Н», think of the reduction of a nitrile. The nitrile comes from 
substitution of a benzylic bromide by CN. 


(a) COH COH 
=. _НМО2 _ pon. 
H504 
5 NH3 No HSO% = 
(b) CO, | p 
Jy CX ых 
——— i — . 


+ 1 
N=N i ; З 
| + СОр+ № 


The reactive intermediate is benzyne, which undergoes a Diels-Alder reaction with 
cyclopentadiene to yield the observed product. 
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1. CH3! 
M CH3 2. А920, Н20 
— = 


+ N(CH} 
3. heat N(C Hals 


| N 


Cyclooctatriene 


Two successive cycles of Hofmann elimination lead to formation of cyclooctatriene. 


CHOLO 


Cyclooctatetraene 


Allylic bromination followed by elimination yield cyclooctatetraene. 


= [ilio 
= 3S 4a 
447 у 
= 6.6560 
= 724% 


o C р 
I 11 
> юм 
m 2e to 
© 
Uc 


66.740320 


© б о a F бш 
11 


869 


Мое; Although there аге several resonance forms, with the exception of the completely 
neutral form, the most stable one is the charge separated form with a negative charge on 
the pyridine nitrogen. The increased electron density on the pyridine nitrogen increases 


its ability to react as a nucleophile. 
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Major Topics Covered (with vocabulary): 


Carbonyl a-substitution reactions: 
a-substitution reaction tautomerism tautomer enolatcion Hell-Volhard-Zelinskii 


reaction f-diketone — f-keto eater — malonic ester synthesis acetoacetic eater synthesis 
LDA 


Carbonyl condensation reactions: 

carbonyl condensation reactions aldol reaction enone mixed aldol reaction — Claisen 
condensation reaction Dieckmann cyclization Michael reaction Michael acceptor 
Michael donor Stork enamine reaction Robinson annulation reaction 

Amines: 

primary, secondary, tertiary amine quaternary ammonium salt arylamine heterocyclic 
amine pyramidal inversion Къ azide synthesis Gabriel amine synthesis reductive 
amination Hofmann rearrangement Curtius rearrangement Hofmann elimination reaction 
arenediazonium salt diazotization Sandmeyer reaction ахо compound diazonium 
coupling reaction pyrrole thiophene furan pyridine —fused-ring heterocycle 
pyrimidine purine nitrogen rule 


Types of Problems: 
After studying these chapters, you should be able to: 


— Draw keto-enol tautomers of carbonyl compounds, identify acidic hydrogens, and draw the 
resonance forms of enolates. 


— Formulate the mechanisms of acid- and base-catalyzed enolization and of other g- 
substitution reactions. 


— Predict the products of a-substitution reactions. 

— . Use a-substitution reactions in synthesis. 

— Predict the products of carbonyl condensation reactions. 

— Formulate the mechanisms of carbonyl condensation reactions. 
— Use carbonyl condensation reactions in synthesis. 


— Мате and draw amines, and classify amines as primary, secondary, tertiary , quaternary, 
arylamines, or heterocyclic amines. 


— Predict the basicity of alkylamines, arylamines and heterocyclic amines. 

—  Synthesize alkylamines and arylamines by several routes. 

— Predict the products of reactions involving alkylamines and arylamines. 

— (Ове diazonium salts in reactions involving arylamines, including diazo coupling reactions. 
— Draw orbital pictures of heterocycles and explain their acid-base properties. 


— Explain orientation and reactivity in heterocyclic reactions, and predict the products of 
reactions involving heterocycles. 


— Propose mechanisms for reactions involving alkylamines, arylamines, and heterocycles. 
— Identify amines by spectroscopic techniques. 
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Points to Remember: 


$ 


It is unusual to think of a carbonyl compound as an acid, but the protons a to a carbonyl 
group can be removed by a strong base. Protons a to two carbonyl groups are even more 
acidic: in some cases, acidity approaches that of phenols. This acidity is the basis for 
a-substitution reactions of compounds having carbonyl groups. Abstraction by base of an a 
proton produces a resonance-stabilized enolate anion that can be used in alkylations 
involving alkyl halides and tosylates. 


Alkylation of an unsymmetrical LDA-generated enolate generally occurs at the less 
hindered a carbon. 


When you need to synthesize a f-hydroxy ketone or aldehyde or an a,f-unsaturated ketone 
or aldehyde, use an aldol reaction. When you need to synthesize a f-diketone or fj-kcto 
ester, use a Claisen reaction. When you need to synthesize a 1,5-dicarbonyl compound, use 
a Michael reaction. The Robinson annulation is used to synthesize polycyclic molecules by 
a combination of a Michael reaction with an aldol condensation. 


In many of thc mechanisms in this group of chapters, the steps involving proton transfer are 
not explicitly shown. The proton transfers occur between the proton and the conjugate base 
with the most favorable pK of those present in the solution. These steps have been omitted 
at times to simplify the mechanisms. 


In the Claisen condensation, the enolate of the f-dicarbony! compound is treated with H307 
to yield the neutral product. 


For an amine, the larger the value of pKa of its ammonium ion, the stronger the base. The 
smaller the value of pA» of the amine, the stronger the base. 


The Sandmeyer reaction allows the synthesis of substituted benzenes that can't be formed 
by electrophilic aromatic substitution reactions, These reactions succeed because № is a 
very good leaving group. 
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Self-Test: 
j 
О N О 
Y сн О 
CH3CH 
aC Ho N, N 
(CH4)CHCH5CH5 H 
о 
А B 
Pentymal Dypnone 
(a sedative) (sunscreen) 


The six-membered ring in А is formed by the cyclization of two difunctional compounds. 
What are they? What type of reaction occurs to form the ring? The two alkyl groups are 
introduced into one of the difunctional compounds prior to cyclization. What type of 
reaction is occurring, and how is it carried out? What type of reaction occurs in the 
formation of Dypnone (B)? Why might B be effective as a sunscreen? 


МО» 
ЕТЕД ЗЫ e 
| CH3 
CH; | 
с р NOs 
Benzphetamine Butralin 
(an appetite suppressant) (an herbicide) 


What type of amine is C? Do you expect it to be more or less basic than ammonia? Than 
aniline? What product do you expect from Hofmann elimination of C? What significant 
absorptions might be seen in the IR spectrum of C? What information can be obtained from 
the mass spectrum? Plan a synthesis of D from benzene. 
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Multiple Choice: 


1. 


Which of the following compounds has four acidic hydrogens? 
(a) 2-Pentanone 

(b) 3-Pentanone 

(c) Acetophenone 

(d) Phenylacetone 


In which of the following reactions is an enol, rather than an enolate, the reacting species? 
(a) acetoacetic acid synthesis 

(b) malonic ester synthesis 

(c) LDA alkylation 

(d) Hell-Volhard-Zelinskii reaction 


Cyclobutanecarboxylic acid is probably the product of a: 
(a) malonic ester synthesis 

(b) acetoacetic ester synthesis 

(c) LDA alkylation 

(d) Hell-Volhard-Zelinskii reaction 


An LDA alkylation can be used to alkylate all of the following, except: 
(a) aldehydes 

(b) ketones 

(c) esters 

(d) nitriles 


If you want to carry out a carbonyl condensation, and you don't want to form o-substitution 
product, you should: 

(a) lower the temperature 

(b) useone equivalent of base 

(c) useacatalytic amount of base 

(d) use a polar aprotic solvent 


Which reaction forms a cyclohexenone? 
(a) Dieckmann cyclization 

(b) Michael reaction 

(c) Claisen condensation 

(d) intramolecular aldol condensation 


All of the following molecules are good Michael donors except: 
(a) Ethyl acetoacetate 

(b) Nitroethylene 

(c) Malonic ester 

(d) Ethyl 2-oxocyclohexanecarboxylate 
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8. The ammonium ion of which of the following amines has the smallest value of pKa? 
(a) Methylamine 
(b) Trimethylamine 
(c) Aniline 
(d) p-Bromoaniline 


9.  Allofthe following methods of amine synthesis are limited to primary amines, except: 
(a) Curtius rearrangement 
(b) reductive amination 
(c) Hofmann rearrangement 
(d) azide synthesis 


10. To form an azo compound, an aryldiazonium salt should react with: 
(а) CuCN 
(b) benzene 
(c) nitrobenzene 
(d) phenol 
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Chapter 25 – Biomolecules: Carbohydrates 


Chapter Outline 


Classification of carbohydrates (Section 25.1). 
A. Simple vs. complex: 
1. Simple carbohydrates (monosaccharides) can’t be hydrolyzed to smaller units. 
2. Complex carbohydrates are made up of two or more simple sugars linked together. 
а. A disaccharide is composed of two monosaccharides. 
b. A polysaccharide is composed of three or more monosaccharides. 
B. Aldoses vs. ketoses: 
1, A monosaccharide with an aldehyde carbonyl group is an aldose. 
2. A monosaccharide with a ketone carbonyl group is a ketose. 
С. Tri-, tetr-, pent-, etc. indicate the number of carbons in the monosaccharide. 


П. Monosaccharides (Sections 25.2—25.7). 


A. Configurations of monosaccharides (Section 25.2—25.4). 
1. Fischer projections (Section 25.2). 

a. Each chirality center of a monosaccharide is represented by a pair of crossed 
lines. 
i. The horizontal line represents bonds coming out of the page. 
и. The vertical line represents bonds going into the page. 

b. Allowed manipulations of Fischer projections: 
i. A Fischer projection can be rotated on the page by 180°, but not by 90? or 


270°. 
ii. Holding one group steady, the other three groups can be rotated clockwise or 
counterclockwise. 


c. Rules for assigning R.S configurations. 
i. Assign priorities to the substituents in the usual way (Section 5.5). 
ii. Perform one of the two allowed motions to place the lowest priority group at 
the top of the Fischer projection. 
iii. Determine the direction of rotation of the arrow that travels from group | to 
group 2 to group 3, and assign А or 5 configuration. 
d. Carbohydrates with more than one chirality center are shown by stacking the 
centers on top of each other. 
i. The carbonyl carbon is placed at or near the top of the Fischer projection. 
2. D,L sugars (Section 25.3). 
а. (R)-Glyceraldehyde is also known as D-glyceraldehyde. 
b. In D sugars, the -OH group farthest from the carbonyl group points to the right in 
a Fischer projection. 
i. Most naturally-occurring sugars are D sugars. 
c. In L sugars, the ОН group farthest from the carbonyl group points to the left in a 
Fischer projection. 
d. D,L designations refer only to the configuration farthest from the carbonyl carbon 
and are unrelated to the direction of rotation of plane-polarized light. 
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3, Configurations of aldoses (Section 25.4). 
There are 4 aldotetroses — D and Г. erythrose and threose. 
There are 4 D,L pairs of aldopentoses: ribose, arabinose, xylose and lyxose. 


There are 8 DL pairs of aldohexoses : allose, altrose, glucose, mannose, gulose, 
idose, galactose, and talose. 


A scheme for drawing and memorizing the D-aldohexoses: 


a. 
b. 
c. 


Draw all -OH groups at C5 pointing to the right. 
Draw the first four -OH groups at C4 pointing to the right and the second four 
pointing to the left. 


. Alternate -OH groups at C3: two right, two left, two right, two left. 
. Alternate -OH groups at C2: right, left, etc. 


Use the mnemonic “АН altruists gladly make gum in galion tanks" to assign 
names. 


B. Cyclic structures of monosaccharides (Section 25.5). 
1. Hemiacetal formation. 
a. Monosaccharides are in equilibrium with their internal hemiacetals. 


i. 


Glucose exists primarily as a six-membered pyranose ring, formed between 
the -OH group at C5 and the aldehyde group at СІ. 


Fructose exists primarily as a five-membered furanose ring. 


Structure of pyranose rings. 


Pyranose rings have а chair-like geometry. 
The hemiacetal oxygen is at the right rear for D-sugars. 


i. An -ОН group on the right in a Fischer projection is on the bottom face in a 


pyranose ring, and an -OH group on the teft is on the top face. 


iv. For D sugars. the -CH:OH group is on the top. 


2. Mutarotation. 
When a monosaccharide cyclizes, а new chiralitv center 15 generated. 


d. 


1. 
ii. 


iii. 


The two diastereomers arc anomers. 

The form with the anomeric --OH group trans to the -CH2OH group is the а 
anomer (minor anomer). 

The form with the anomeric —OH group cis to the -CH20H group is the В 
anomer (major anomer). 


When a solution of either pure anomer is dissolved in water, the optical rotation 
of the solution reaches a constant value. 


1. 
ii. 


This process is called mutarotation. 


Mutarotation is due to the reversible opening and recyclizing of the 
hemiacctal ring and is catalyzed by both acid and base. 


C. Reactions of monosaccharides (Section 25.6). 
1. Ester and ether formation. 
Esterification occurs by treatment with an acid anhydride or acid chloride. 
b. Ethers are formed by treatment with methyl iodide and Ag20. 
Ester and ether derivatives are crystalline and easy to purity. 


a. 


С. 
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2. Glycoside formation. 
a. Treatment of a hemiacetal with an alcohol and an acid catalyst yields an acetai. 
i. Acctals aren't in equilibrium with an open-chain form and do exhibit 
mutarotation. 
li. Aqueous acid reconverts the acetal to a monosaccharide. 
b. These acetals, called glycosides, occur in nature. 
c. Glycosides are named by first citing the alkyl group and then replacing the —ose 
suffix of the sugar with -oside. 
d. The laboratory synthesis of glycosides 15 achieved by the Koenigs-Knorr 
reaction. 
i. Treatment of the acetylpyranose with HBr, followed by treatment with the 
appropriate alcohol and AgoO, gives the acetyleiycoside. 
п. Both anomers give the same product. 
iii. The reaction involves neighboring-group participation by acetate. 
3. Phosphorylation. 
a. Monosaccharides can be phosphorylated by ATP to form a glycosyl 
monophosphate. 
b. The resulting glycosyl monophosphate can react with a second nucleoside 
triphosphate to produce a glycosyl diphosphate. 
с. This product can react with a lipid or a protein to form a glycoconjugate. 
4. Reduction of monosaccharides. 
a. Reaction of a monosaccharide with NaBHa yields an alditol (a polyalcohol). 
5. Oxidation of monosaccharides. 
а. Several mild reagents can oxidize the carbonyl group to a carboxylic acid (aldonic 
acid). 
i. Inthe laboratory, aqueous Br» is used to oxidize aldoses (not ketoses). 
ii. Historically, Tollens reagent, Fehling's reagent and Benedict's reagent have 
served as tests for reducing sugars. 
iii. All aldoses and some ketoses are reducing sugars, but glycosides are 
nonreducing. 
b. The more powerful oxidizing agent, dilute НМОз, oxidizes aldoses to dicarboxylic 
acids (aldaric acids). 
c. Enzymes can oxidize the -CH2OH of a monosaccharide (with oxidizing the 
aldehyde) to form a uronic acid. 
6. Chain-lengthening: the Kiliani—Fischer synthesis. 
a. Inthe Kiliani-Fischer synthesis, an aldehyde group becomes C2 of a 
chainlengthened monosaccharide and the added carbon is the new C1. 
b. The reaction involves cyanohydrin formation, reduction and hydrolysis. 
с. The products are two diastereomeric aldoses that differ in configuration at C2. 
7. Chain-shortening: the Wohl degradation. 
a. The Wohl degradation shortens an aldose by one carbon. 
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b. The reaction involves treatment of the aldose with hydroxylamine, dehydration 
and loss of HCN from the resulting cyanohydrin. 


D. Eight essential monosaccharides (Section 25.7). 
Glucose, galactose, mannose and xylose are aldoses. 
Fucose is a deoxy sugar. 
N-Acetylglucosamine and N-acetylgalactosamine are amino sugars. 
N-Acety!neuraminic acid is the parent compound of the sialic acids. 
5. All of the essential monosaccharides arise from glucose. 
III. Other carbohydrates (Sections 25.8-25.11). 
A. Disaccharides (Section 25.8). 
1. Cellobiose and maltose. 
a. Cellobiose and maltose contain a 1— 4-glycosidic acetal bond between two 
glucose monosaccharide units. 
b. Maltose consists of two glucopyranose units joined by a 1— 4-a-glycosidic bond. 
c. Cellobiose consists of two glucopyranose units joined by a 1— 4-f-glycosidic 
bond. 
d. Both maltose and cellobiose are reducing sugars and exhibit mutarotation. 
e. Humans can't digest cellobiose but can digest maltose. 
2. Lactose. 


a. Lactose consists of a unit of galactose joined by a f-glycosidic bond between СІ 
and C4 of a glucose unit. 


b. Lactose is a reducing sugar found in milk. 
3. Sucrosc. 


x d En 


a. Sucrose is a disaccharide that yields glucose and fructose on hydrolysis. 
i. Sucrose is called "invert sugar" because the sign of rotation changes when 
sucrose 1s hydrolyzed. 
ii Sucrose is one of the most abundant pure organic chemicals in the world. 


b. The two monosaccharides are joined by a glycosidic link between C1 of glucose 
and C2 of fructose. 


с. Sucrose isn't a reducing sugar and doesn't exhibit mutarotation. 
B. Polysaccharides and their synthesis (Section 25.9). 


1. Polysaccharides have a reducing end and undergo mutarotation, but aren't considered 
to be reducing sugars because of their size. 


2. Important polysaccharides. 
a. Cellulose. 
i. Cellulose consists of thousands of D-glucose units linked by 1— 4-8- 


glycosidic bonds. 
п. № nature, cellulose is used as structural material. 
b. Starch. 
i. Starch consists of thousands of D-glucose units linked by 1— 4-a-glycosidic 
bonds. 
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it Starch can be separated into amylose (water-soluble) and amylopectin (water- 
insoluble) fractions. 
(a) Amylopectin contains 1— 6-a-glycosidic branches, 

iii. Starch is digested in the mouth by glycosidase enzymes, which only cleave a- 
glycosidic bonds. 

Glycogen. 

i. Glycogen is an energy-storage polysaccharide. 

п. Glycogen contains both 1— 4- and 1— 6-links. 


3. An outline of the glycan assembly method of polysaccharide synthesis. 


a. 


d. 


А glycal (a monosaccharide with a C1-C2 double bond) ts protected at C6 by 
formation of a silyl ether and at C3-C4 by formation of a cyclic carbonate ester. 


The protected glycal is epoxidized. 
Treatment of the glycal epoxide (in the presence of ZnC]2) with a second glycal 
having a free C6 hydroxyl group forms a disaccharide. 


The process can be repeated. 


C. Other important carbohydrates (Section 25.10). 
1. Deoxy sugars have an -OH group missing and are components of nucleic acids. 
2. In amino sugars, an —ОН is replaced by a -NH». 


d. 


Amino sugars are found in chitin and in antibiotics. 


D. Cell surface carbohydrates and influenza viruses (Section 25.11). 
1. Polysaccharides are involved in cell surface recognition. 


a. 


b. 


Polysaccharide markers on the surface of influenza viruses are variants of two 
types of glycoproteins -hemagglutinin (H — Type 5 or Type 1), and 
neuraminidase (N — Type 1). 

Infection occurs when а virus binds to a receptor on a target cell and is engulted 
by the cell. 

New viral particles are produced, pass out of the cell. and are held to surface 
receptors. 

A neuraminidase enzyme cleaves the receptor-virus bond, allowing the virus to 
invade a new cell. 

Antiviral vaccines block the neuraminidase enzyme, limiting the spread of the 
VITUS. 
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25.1 


25.2 


25.3 


Chapter 25 


Solutions to Problems 


(a) H А Z9 (b) SERE (c) TEOR (d) TUE 
| C—O c=0 | 
HO =C =H | | H= C = H 
| HC «ОН HO»- C —Н | 
н=с-=Он | | H= C- OH 
| H=C “OH НО» Сан | 
CH,OH | i не C -u OH 
CHOH H= Са OH | 
| СНОН 
СНОН 
Threose Ribulose Tagatosc 2-Deox yribose 


an aldoterrose a ketopeniose а kerohexose an aldopentose 


Horizontal bonds of Fischer projections point out of the page, and vertical bonds point 
into the page. 


(a) СОН COH T2 
HoN w. = H 5 
HN H е ай Не ЫН» 
CH3 CH3 HaC 
(b) CHO CHO ae 
Hm. ! a OH R 
H OH x 4-7 ~ CH, 
CH CH3 HO 
(с) СНз СНз org 
H tm) att CHO S 
H CHO zd H70 ~ CH CH3 
CH»CH3 CH5CH4 cio 


To decide if two Fischer projections are identical, use the two allowable rotations to 
supcrimpose two groups of each projection. If the remaining groups are also 
superimposed after rotation, the projections represent the same enantiomer. 


(a) Since --H is in the same position in both A and В, keep it steady, and rotate the 
other three groups. If, after rotation, all groups are superimposed, the two 
projections are identical. If only two groups are superimposed, the projections are 
enantiomers. Thus, A is identical to B. 
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А В 
CHO OH 
HO == НОСН-—|——н 
steady 
CHOH CHO 
B s C E 
"s Н == HO o 
steady CHO 
D CHOH OH в OH 
180° / 
H CHO ——» ОНС н == HOCH H 
OH CH5OH CHO 


Projections A, B and C arc identical, and D is their enantiomer. 


25.4  Rotate the structure 180? around thc horizontal axis to arrive at a drawing having the 
hydrogen at the rear. Assign the А,5 configuration as usual, and draw the Fischer 


projection 
с H H 
! HOCH» "СН R 
HOCH,--C--CH, = OSM otis = — HOCH, CH 
i NS 
: чат o 


25.5 Draw the skcleton of the Fischer projection and add thc -CHO and -CH»OH groups to 
the top and bottom, respectively. Look at each carbon from the direction in which the -H 
and -ОН point out of the page, and draw what you see on the Fischer projection. 


View СА {тому this side: 
-OH i5 on the righe. 


d CHO Dd 
[] 
: H EN OH H 
А "ni H | OH H — OH 
HM РИ CHOH сно 


View C2 from this side; 
Ор is on the right. 
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25.6 The hydroxyl group bonded to the chiral carbon farthest from the carbonyl group points 
to the right in a D sugar, and points to the left in an L sugar. 
(a) o (b) i (c) i 
HO H H OH е-е, 
HoH T CA но—Ън 
CHOH нон H— он 
CHOH CH5OH 
|.-Erythrose D-Xylose b-Xylulose 
25.7 
CHO 
H B OH 
о 2 H 
H L-CE)- Arabinose 
HO H 
CH3OH 
25.8 
(а) CHO (b) CHO (c) i 
HO H HO H HO H 
H OH H OH HO H 
HO H H OH HO H 
СНОН HO H HO H 
CHOH CHOH 
L-Xylose [-Galactose L-Àllose 
25.9 Ап aldoheptose has 5 chirality centers. Thus, there are 2° = 32 aldoheptoses — 16 D 
aldoheptoses and 16 L aldoheptoses. 
25.10 See Problem 25.5 for the method of solution. 
View C3 from this side: 
ЗОН is on the right. CHO CHO 
HT OH Я он 
нон Е 
J = H = 
OHC., 2 „С. 4 „СНОН à Ө И di 
зая H OH OH 
; | 
Lud H p CH20H CH4OH 


View C24 from this side: 
-OH is on the right. 
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25.11 The steps for drawing a furanose are similar to the steps for drawing a pyranose. Ring 
formation occurs between the -OH group at C4 and the carbonyl carbon. A groups on the 
right in a Fischer projection is on the bottom face of the ring. 


CHO А 

R 

H OH HOCH; HOCH» 
OH NE О 
п OH 4 3 2 —— lue d Ы 
A 10 Di 
OH 
OH OH 
CH 
gon D-Ribose ( E pos 


25.12 The furanose of fructose results from ring formation betwcen the -OH group at C5 and 
the ketone at C2. In the a anomer, the anomeric -OH group is trans to the Сб -CH2OH 
group, and in the В anomer the two groups are cis. In the pyranose form, cyclization 
occurs between the -OH group at C6 and the ketone. The more stable chair 
conformations are shown. 


CHOH OH 
о Он о CHOH 
OH OH 
HO HO 
HO HO 
a-D-Fruetopyranose B-D-Fructopyranose 
trans сї 
HOCH; OH HOCH 
o... ouf Ne £ оно 
OH CH4OH 
OH 3 
a-D-Practofuranose NUN 


25.13 There are two ways to draw these anomers: (1) Following the steps in Worked Example 
25.3, draw the Fischer projection, lay it on its side, form the pyranose ring, and convert it 
to a chair, remembering that the anomeric -OH group is cis to the Сб group; (2) Draw 
f-D-glucopyranose, and exchange the hydroxyl groups that differ between glucose and 
the other two hexoses. 
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25.14 


25.15 


Chapter 25 


a 
OH 
е e a 
HOCH; e | HOCH, OH 
О HO -O 
HO OH HO OH 
6 е 
OH 
с 
f-D-Galactopsyranose p-0-Mannopyranose 


f-D-Galactopyranose and /-D-mannopyranose each have one hydroxyl group in the axial 
position and are therefore of similar stability. 


In the previous problem we drew £-D-galactopyranose, In this problem, invert the 
configuration at each chirality center of the D enantiomer and perform a ring-flip to 
arrive at the structure of the L enantiomer. 


ae invert [^ nog. ng. HOCH, 
Thp 
ris HO 


a QH ё 
f-D-Galac hus anose fa -Galactopyranose 


eg 


All substituents, except for the -OH at C4, are equatorial in the more stable conformation 
of 8 -L-galactopyranose. 


From the model, we can see that the monosaccharide is the pyranose form of a D-hexose. 
It is an a-anomer because the anomeric hydroxyl group is trans to the group at C6, 
Comparing the model with a-D-glucopyranose, we see that all groups have the same 
axial/equatorial relationship, except for the hydroxyl group at C3, which is axial in the 
model and equatorial in a-D-glucopyranose. The monosaccharide is a-D-allopyranose. 
Use Figure 25.3 as a reference. 


буш» H 

H OH 
HOCH» 
HO 9 H OH 
H OH 
OH 

OH OH H OH 
o-D-Allopyranose CHOH 

D-Allose 
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25.16 
| СНЗОСН» OCH; 
/ Jr- 
HOCH; OH 
о 
H 
OH OH X 
p D-Ribofuranose Nx (b) (CH4CO)50, 
pyridine 
25.17 
CHO CHOH 
H OH H OH 
HO H 1.NaBH4, HO H HC 
—— Je 
OH 2.H50 H OH HO 
OH H OH 
CHOH СНОН CH50H CH30H 
D-Glucose D-Glucinol p-Galactose Galactitol 
Reaction of D-galactose with NaBHs yields an alditol that has a plane of symmetry and is 
a meso compound. 
25.18 
CHO CHOH CHOH CHO 
H | OH H OH HO H HO 
HO H 1.NaBH, НО н __ но H  1.NaBH, HO H 
—————— === —-————— ————— 
OH 2.H50 H OH H OH 2.H50 H OH 
OH H OH HO H HO H 
CHOH CHOH CHOH CHOH 
D-Glucose D-Glucitol ].-Gulose 


Reaction of an aldose with NaBHa produces a polyol (alditol). Becausc an alditol has the 
same functional group at both ends, two different aldoses can yield the same alditol. 
Here, L-gulose and D-glucose form the same alditol (rotate the Fischer projection of L- 
gulito] 180° to see the identity). 
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25.19 
CHO Сон сно 
H OH H — OH H OH H 
HO н di HNO, HO H H OH di HNO, H 
—— ———— ----4------ 
H он heat H OH H OH bea H 
OH H OH H OH H 
1 
CH5OH сон CHOH COH 
p-CGlucose Glucaric D-Allose Анапе 
acid acid 


Allaric acid has a plane of symmetry and is an optically inactive meso compound. 
Glucaric acid has no symmetry plane. 


25.20 D-Allose and D-galactose yield meso aldaric acids. All other D-hexoses produce 
optically active aldaric acids on oxidation because they lack a plane of symmetry. 


25.21 The products of Kiliani—Fischer reaction of D-ribose have the same configuration at C3, 
C4 and C5 as D-ribosc. Use Figure 25.3 as a reference. 


CHO CHO 
CHO H OH HO H 
1. HCN 
OH 2.Н. Pd calalysl H OH H OH 
= + 

H OH зно" H OH H OH 
H OH „l OH H OH 
CH35OH CHOH CHOH 

D-Ribose D-Allose р-А тох 


25.22 The aldopentose, L-xylose has the same configuration as the configuration at C3, C4 and 
C5 of L-idose and L-gulose. Use Figure 25.3 as a reference. 


CHO CHO 
CHO H OH HO H 
HO H Cag HO H HO H 
2. Но. Pd catalyst + 
M 
H OH 3. H,0* H OH H OH 
HO H HO H HO H 
CHOH CHOH CHOH 
1-Хуйохс 1-1Чөмг 1-Culose 
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25.23 The aldopentoscs have the same configurations at C3 and C4 аз D-threose. 


CHO CHO 
H OH HO H 1. HaNOH CHO 
HO T - HO 2. (CH4CO)50. Bc B 
СНЗСО> Ма" 
H OH H OH 3. Na* .OCH, H | он 
CHOH CHOH CHOH 
D-Xylose D-Lyxase D-Threase 
25.24 В 
ias 
=о 
| | 
HC — H : Base 
he 
с Oy 
К ы P 
H.C SK 7 =0 Cree 
Jr CH, T H-A 
ев 2 і р 
н LY, 0:N ES 6. 
Се H о: H-—F-— QH 
CH4CONH H CH4CONH H CH4CONH 
HO H — НО H — HO 
H OH H OH H OH 
H эк OH H OH H OH 
CHOH CHOH CH50H 
N- Aceiylnünnosamine А Месу I-D-neur- 


anime acid 


© 2016 Cengage Learning. АЙ Rights Reserved. May not ће scanncd, copsed or duplicated, or posted to a publicly accessible website, in whole œ in ран 


888 Chapter 25 


25.25 
CHOH CHOH 
а) qe NaBH, HO Q H OH 
Hae HO Оно 
OH or Онгон 
CHOH CH20H 
| Bro HO Q Нон 
> Q — 
Celfobiose (Б) H;O HO S 
OH m COH 
An СН2ОАс 
СНЗСОС! Асо 
O MÀ АО О 
pyridine c АсО OAc 
о OAc OAC 


|| 
Ас = СНС — 
Visualizing Chemistry 


25.26 (a) Convert the model to a Fischer projection, remembering that thc aldehyde group is 
on top, pointing into the page, and that the groups bonded to the carbons below 
point out of the page. The model represents a D-aldose because the -OH group at 
the chiral carbonfarthest from the aldehyde points to the right. 


д H CHO 
HO e , CHO HO H 
1‘. d'. = H OH 
HH HOH 
CH5OH 
D-Threose 


(b) Break the hemiacetal bond and uncoi] the aldohexose. Notice that all hydroxyl 
groups point to the right in the Fischer projection. The model represents the р 
anomer of p-allopyranose. 


СОН CHO 
HO о 
H OH 
OH 
OH _ H OH 
OH H Н ор 
p-D-Allopyranose H OH 
CHOH 
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25.27 The hints in the previous problem also apply here. Molecular models are helpful. 


(a) п on CHO (b) г. P CHO 
HO, ;^ "cuo нон SH ah ee H OH 
4\ CHOH LEE OH 
HH HOH HH 
i -Olyceraldehyde CHOH 


D-Erythrose 


25.28 The structure represents an a anomer because the anomeric -OH group and the -CH20H 
group are trans. The compound is a-L-mannopyranose because the -OH group at C2 is 
the only non-anomeric axial hydroxyl group. 


апу * OH 


HOCH, “7 ~~ OF 
HO 
HO 


OH 
ecd Mannopsranose 


25.29 (a) 
HO E H on CHO CHO 
РРР Ы H OH H OH 
Au ГА M H — OH 
H OH HO H H H НО H 
HO H OH 
HO—i—-H OH 
CH3OH CHOH CH4OH 
i.-Mannose D-Mannose D-CGlucose 


(enantiomer) (diastereomer) 


(b) The model represents an L-aldohexose because the hydroxyl group on the chiral 
carbon farthest from thc aldehyde group points to the left. 


OH 
HOH OH OH 
[-1-Mannofuranose 
(c) Thisis tricky! The furanose ring of an aldohexose is formed by connecting the -OH 
group at C4 to the aldehyde carbon. The best way to draw the anomer is to lie 


L-mannose on its side and form the ring. All substituents point down in the 
furanose, and the anomeric -OH and the -CH(OH)CH20H group are cis. 


€ 2016 Cengage Learning. All Rizhty Reserved, May nut be seanncd, copied or duplicated. or posted to a publicly accessible дерби, in whale or in part. 


890 


Chapter 25 


Mechanism Problems 


25.30 


25.31 


NADH/H* 
H NAD* 
Diphospho- Diphospho- Diphospho- 
uridylate uridytate uridylate 
UDP-Glucose UDP-Galactose 


Oxidation of the C4 hydroxyl group by NAD" forms а ketone plus NADH, and reduction 
of the ketone by NADH yields UDP-galactose. The result is an epimerization at carbon 4 
of the pyranose ring. 


^^ В: 7 MHT-CHOH 
2- Е j — 
O4POCH / СНОН А’ 
: ? -o-20Hf * " | HO H 
"o n 
OY H OH 
O—H 
OH H OH 
Fructose 6-phosphate CH5OPO4 
= oe 
2-04POCH s -t Bom 
3 ? OH T Н—А 
Я «——— 
H 1 HO H 
OH P H OH 
Mannose 6-phosphate H Он ig H OH 
CH;0POs* CH;OPOég- 


All of these reactions are acid/base catalyzed enolizations or hemiacctal 
openings/formations. 
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25.32 


CHOPO,°~ CH,0PO37— 


Fructose 6-phosphate 


H, 0 
^6 on 

H NH» 
HO H 

H OH 

H OH 

2- 2- 
СН>ОРОЗ СН2ОРОЗ 


Glucosamine 6-phosphate 
Nucleophilic acyl substitution and tautomerization lead to the formation of glucosamine 


6-phosphate from fructose 6-phosphate. The mechanism of opening of the fructofuranose 
ring was shown in the previous problem. 
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25.33 Glucopyranose is in equilibrium with glucofuranose 


HOCH, 
HO о 
HO 
HOCH. | 
Hon? ан 
Он о 
OH 
OH 
О 
) 2 CH4COCH;. НСІ 
оно КЕТҮ, 
О 


4 


Reaction with two equivalents of acetone occurs by the mechanism we learned for acetal 
formation (Sec 19.10) 


A five-membered acetal ring forms much more readily when the hydroxyl groups are cis 
to one another. In glucofuranose, the C3 hydroxyl group is trans to the C2 hydroxyl 
group, and acetal formation occurs between acetone and the СІ and C2 hydroxyls of 
glucofuranose. Since the C1 hydroxyl group is part of the acetone acetal, the furanose is 
no longer in equilibrium with the free aldehyde, and the diacetone derivative is not a 
reducing sugar. 


25.34 Cleavage of fructose 1,6-bisphosphate occurs by a retro aldol reaction. 


CH OPO, 2 СН2ОРОЗ? 
a П | 
со, HOCH НД" CHOH 
„о{с—н + Е Ие 

| : —— —— 1 пус TOX vdcetone 
4-e o> H К B H—C-—O 3-phosphate 
H—G— OH H—C—OH 

CH30PO; ?- CH,OPO,2” 

Fructose | .6-bisphosphate Glyceraldehyde 


3-phosphate 
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25.35 (a) Oxidation by NADP', elimination, and conjugate reduction by NADPH give thc 


(b) 


observed product. Notice that there is no net consumption of NADP’. The 
mechanism of NADP’ oxidations and reductions has been shown many times in this 
book and also appears in part (c). 


x 


HOCH? OH NADP NADPH Ое СҮ? OH 
HO -O N. * Na -0O 
E od T 
HO ' OGDP HO OGDP 
H H 
. 7 
›ОР-1)-Манпохе d 
әј 
нос NADPH/H* CH2 он 


HO ocpp < HO OGDP 


Two epimerizations, both a to the carbonyl group, causc a change in 
stereochemistry. 


а 
H—A 
Hc ^ 
| 3 " 
и Ра 
HO OGDP 
H OGDP 
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(c) Reduction at C4 by NADPH forms GDP-L-fucose. 


Nt 
a 
IW n dic 
OGDP + | ОСОР 
HO нгго 
_——> 
НС о 
OH OH 
HO 
OH 
GDP-1.-Fucose 
Additional Problems 
Carbohydrate Structure 
25.36 
(a) CHOH (b) CHOH (е) CHO 
CD Hp OH H OH 
СНОН C0 HO H 
a ketotriose p OH H OH 
СН2ОН HO H 
а ketopentosc H OH 
CHOH 
an aldoheptose 
25.37 
(а) СНОН ~ b) co (су ve (d) ne 
c=0 с= 0 H H NH» 
ar OH H OH H OH OH 
CH50H HO H HO H OH 
CHOH H OH CHOH 
CHOH 
a ketotetrose a ketopentose a deos valdohexose а five-carbon 


amino sugar 


25.38 D-Ribose and L-xylose are diastereomers and differ in all physical properties (or if 
have identical physical properties in any category, it is a coincidence). 


they 
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25.39-25.40 


Ascorbic acid has an L configuration because the hydroxyl group at the lowest chirality 
center points to the left, 


OH 
HOC re HO OH 
с ü Bo К. 
H pee nN -—— 070 
ү. o "I 
HO H } 
СНОН снрОн 


1 -Ascorbic acid 


25.41 
(a) ig e (c) Prio 
нас Br н— 8 сорн 
ЕН н- он 
5 
CH3 H3C OH H H 
нб Ен 
“ 
OH 
P 
25.42 
(a) T (b) ji 
»— сн, Hof вн, 
CH3CH4 COH 
(§)-2-Bromobutane ( R)-Alanine 
CH4CH5CH(Br)CHs CH4CH(NH5)COSH 
(c) jm (d) ү? 
н.с ae OH OHHH СН 
COH CHoCH3 


(5)-3-Methylhexane 


(R)-2-Hydroxy propanoic acid 
CHaCH5CH5CH(CH4)CHSCH4 


CH4CH(OH)COSH 
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25.44 


25.45 


25.46 


Chapter 25 
CHO CHO 
H OH | НО H 
H OH H OH 
HO H HO H 
OH OH 
H OH OH 
СНОН CHOH 
CHOH 
HO 5—0 = 
OH 
OH 
OH H 


f-D-Allopyranose 


This structure is a pyranose (6-membered ring) and is а f anomer ( the СІ hydroxyl 
group and the -CH2OH groups are cis). It is a D sugar because the -O- at C5 is on the 
right in the uncoiled form. 


OH 
B-1.-Gulopyranose 


This sugar is a f-pyranose. It is ап L sugar because the -O- at C5 points to the left in the 
uncoiled form. It's also possible to recognize this as an L sugar by the fact that the 
configuration at C5 is S. 


(a) CHO 
HOCH, OH HO H 
i6 ea So 
H OH 
OH 

H OH 

OH H H OH 
F-D-Altropyranose СНОН 
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(b) 
HOGH» о он „СНОН 
ОН 
OH 
ce D-Fructofuranose 
(c) 
OH 
HOCH 7 ~~~ о 
HO 
HO 
OH 
cM Mannopyranose 
25.47 
H OH 
90 
H СНОН 
OH OH 
p-D-Ribulofuranose 
25.48 


20H a а 


HO 


€ 
(/-D- Talopyranosc 
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CHOH 
с=о 
HO—L—H 
H OH 
H—41— OH 
CHOH 
CHO 
H—— OH 
H OH 
HO—— H 
нон 
CHOH 
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Carbohydrate Reactions 


25.49 
CHOH (а) аон е (f) 


HO н LNaBH, | HOCH? он (СнуСО)О ko 725 
нњо H20 Dine 7 

HO H 

HO H 


В- ИН 


H (e) 
H OH | | 
(с) (d) 
) CH3l\ сн CHOCH 
CHOH jd Br. Ao: S ў 
CH3CH20H 
COH COH "o. £ CH40 -OCHs 
HO H HO H 
OH H 
HO H HO H HOCH, OH, 
HO H HO H i 
- "m B cu duo OCH4CHa 
and « anomer 
сон CH2OH H 


In (f), -Ac represents an acetate. 
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25.50-25.52 Four D-2-ketohexoses are possible. 


CHOH CHOH 
c =0 C -—O 
H OH HO —1—H 
H OH н———Он 
H OH H—T—0H 
СНОН CHOH 
D-Psicose D-Fructosc 
1. NaBH4 
2. H20 
CHOH CHOH 
H OH HO H 
H OH А H OH 
H OH OH 
H OH H OH 
CH30H CHOH 
Allitol Altitol 


GH2OH 
с=о 

H OH 
HO H 

H OH 
CHOH 


D-Sorbose 


1. 
2. 


OH 
СНОН 
Gulitol 
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CHOH 
с=о 
HO H 
HO H 
H OH 
CHOH 


D-Tagatose 


NaBH, 
Но 
СН>ОН 
HO H 
H OH 
HO H 
H OH 
CHOH 
[ditol 
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25,53 The two lactones are formed between a carboxylic acid and a hydroxyl group 4 carbons 
away. When the lactones are reduced with sodium amalgam, the resulting hexoses have 
an aldehyde at one end and a hydroxyl group at the other end. 


CHO C pun 
Hp COR OH | 
i 
HO H di но 
OH НН  qg-—..-— dd 
CHOH COH 
Е M EE 
CHOH 
H OH H OH HO 
Hp H HO rotate 9 
H OH H OH 18° н он 
H OH H OH HO H 
CH OH CHO CHOH 
D-Glucose 1-Gulose 


25.54 The hard part of this problem is determining where the glycosidic bond occurs on the 
second glucopyranose ring. Treatment with iodomethane, followed by hydrolysis, yields 
a tetra-O-methyl glucopyranose and a tri-O-methyl glucopyranose. The oxygen in the 
tri-O-methylated ring that is not part of the hemiacetal group and is not methylated is the 
oxygen that forms the acetal bond. In this problem, the C6 oxygen forms the glycosidic 


link. 
CHpOCH3 
О 
СНОН нь 
HO О CH4O OH 
: 2. H4O* 
9H CHa о CHOH 
Gentiobiose HO OH CH30 OH 
On OCH, 


6-O-(-D-GlucopyranosyD-£-glucopyranose 
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CHO 


H OH 


CHOH 
D-CGalactose 


Biomolecules: Carbohydrates 


OH 


H OH 
CHOH CHOH 
Q 
HO HO 
OH OH 
OH 
e-D-Galactopyranose p-D-Galactopyranose 


Let x be the percent of D-galactose present as the a anomer and y be the percent of 
D-galactose present as the f anomer. 


150.7°х + 52.8?y = 80.2? 


х+у=1 


150.7?x + 52.8°(1-х} = 80.2? 
97.9°х = 27.4? 


х= 0.280 
у= 0.720 


; y=l-x 


901 


28.0% of D-galactose is present as the а anomer, and 72.0% is present as the В anomer. 


25.56 
CHO 


HO- H 


H—+—OH 
CHOH 


D-Talose 


25.57 
CHO 


OH 
OH 
— OH 
OH 


СН>ОН 
p-Allose 


I T T т 


н 1. NaBH, 


dil. 
HNO4 


CH20H 
HO H 


CH5OH 


сон 
OH 
OH 
OH 
OH 

COH 


T в GI 


CH3OH 
rotate FO H 
180° H OH 
B H OH 
H OH 
CHOH 
COH 
rolate HO H 
1%“ но H 
HO H 
HO H 
COH 


1. NaBH, H 


9— — 


2. HO 


HO — 


H 


СНОН 


D-Altvose 


CHO 


т 
о 
л. д 


HO H 


CHOH 
L-Allose 
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CHO CHO 
H OH HO H 
HO H H OH 
HO H н OH 
Hote OH HO H 
CHOH СНОН 
p-Calaetose 1 -Galactose 
25.58 
CHO Сон Сон CHO 
HO HO pr TORIS cus H HO H 
dil. 180 dil. 
HO — НО H = OH TINGS. OH 
H он "NOS н Он Он И он 
CH2OH COH COH CH20H 
D-l.yxosc D-Arabinosc 
25.59 (a) D-Galactose gives the same aldaric acid as L-galactose. 
CHO сон COH CHO 
HO H H OH rolate HO H H OH 
H OH gdi HO H 180° H OH а. HO 
H OH HNO; HO н 7 н OH HNO; но 
HO H H OH HO H H OH 
CH50H сон COH CHOH 
tE-Galactose D-Galactose 
(b) The other aldohexose is a D-sugar. 
C 
(c) Бн 
CHOH 
© 
HO OH 


OH 
p-D-Galactopyranose 
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25.60 Amygdalin has the same carbohydrate skeleton as gentiobiose (Problem 25.54). Draw the 
cyanohydrin of benzaldehyde, and form a bond between the hemiacetal oxygen and the 
carbonyl carbon of benzaldehyde, with elimination of water. 


CH; 
HOT NO 
HO О, 
OH CH3 
HO o 

| oH `6 

Amygdalin b 
H CN 


25.61 Since trehalose is a nonreducing sugar, the two glucose units must be connected through 
an oxygen atom at the anomeric carbon of each glucose. There are thrce possible 
structures for trehalose: The two glucopyranose rings can be connected (a.a), (В, В), or 


(ap). 


25.62 Since trehalose 15 not cleaved by fj-glycosidases, it must have ап a,a glycosidic linkage. 


а glycoside 


О 
HOCH, ~ OH 
/ \ 
Pun HOCH 
но НО 2 он 


Trehalose 
| -O-(e-D-GlucopsranosyD-c- glucopy ranose 


25.63 
CH5OH o OH 
HO — HO OH 
HO о CH2OH 
OH X 4 


B glycoside 
Neotrehalose 
1-0-(3-1D-Glucopy ranosy D-figlacopyranose 


CH3OH 


D 


HO re glycoside 


HO OH 


OH но OH 
о 
М О СН>ОН 
p givcaside 


Isotrehalose 


1-O-(ri-D-Glucopyranosy D-/- eglucopy ranose 
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25.64 
HOCH, c. p |_ 
gee 70 2 CH,COCHs, HCI nf Ao * 2 HO 
HO Wu Os \ 
OH eu 


hemtacetal 


т ° 
о о 
2.3:4.6-Diacetone таппоругапомас 


Acetone forms an acetal with the hydroxyl groups at C2 and C3 of р-таппоругапоѕійе 
because the hydroxyl groups at these positions are cis to one another. The pyranoside ring 
is still a hemiacetal that is in equilibrium with free aldehyde, which is reducing toward 
Tollens’ reagent. 


25.65 Dilute base abstracts a proton a to the carbonyl carbon, forming an enolate. The enolate 
double bond can be protonated from either side, giving either mannose or glucose as the 


product. 
^O H "O H | 
“^+ nk "c Ps : 
Н I E 
ee — OH HO—C | = 
но- Ос": | 9x67" сон 
: | Гаю = 
н-с—он ! — HO—C-H 
BED Ww Oo LH 
Glucose Oc” Се“ | Mannose 
Ss NES: I | 
C — OH HO—C | 
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25.66 
о 
сон РЕ 
\ HOCH; H 
imi H OH | Ho -O 
i = 
HO- H HO H O HO 8 
= | OH “о 
FH —1--O0H OH | 
H Он H E cnolization | pyridinc 
lactone 
СНОН formation CHOH HOCH» T 
D-Gluconic acid + НО не snedi 
HO ae enediol 
CO2H oe -—1. OH OH 
HO H | enoltzation | pyridine 
HO H Hc 
= "© ү HOCH, OH 
керен Bike Шш M eR 
H OH E AIME HO 
lactone Н H Зо 
CH5OH formation CHOH 
D-Mannonic acid + H20 


Isomerization at C2 occurs because the enediol can be reprotonated on either side of the 
double bond. 


25.67 There are eight diastereomeric cyclitols. 


OH H 
HO HO HO 
HO OH HO О 
HO OH HO HO 
OH OH OH 
OH 
О 
О 


OH 


H 
OH 
HO oH HO HO OH 
HO HO po era 
HO OH OH H 
OH 


OH H 


OH 
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25.68 
COH 
OH 
dil; HNO3. HNO 
D-Ribose OH 
OH 
н он 
1. НСМ 
2. Но. Pd catalyst 
3. HO* 
сон сно CHO COH 
HO H HO H H OH H OH 
H OH dil. HNO, H OH H OH di. HNO; H OH 
 —ÓÓÁ€ —— 
H OH heat H OH H OH heat H OH 
H OH H OH H OH H OH 
COH CHOH CHOH сон 
Е с D F 
D-Altrose D-Allose 
Because А is oxidized to an optically inactive aldaric acid, the possible structures are 
Dribose and D-xylose. Chain extension of D-xylose, however, produces two hexoses that, 
when oxidized, yield optically active aldaric acids. 
PORA н о н. 40 H HP 
NNHPh 
PES сн;Он Sgr li - 
H OH C-O HO C = NNHPh 
or [EN 
HO H HO H HO 2 H9NNHPh HO H 
— 
OH H OH OH H OH 
OH H OH OH H OH 
CHOH CH20H CHOH CHOH 
D-Glucose D-Fruetose D-Mannose An osazone 
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(b) НМ МНР (c) н. — NH—NHPh — H, NH 
ed s ud "C^ + HgNPh 
H OH ly A | 2 
с—0—н GO 
ic i HO H HO H 
—— a 
H OH à au " au 
H OH ü OH Н WT 
CHOH 
СНОН 
phenylhydrazone 2 | Онон 
enol keto imine 
(d) 
NH 1 й СУ 1 f NH 
H Tete d + + 
ae e^ + PRNHN—C—NHa — PhNHN +% т\н  PhNHN—G a 
i = A 
FONDS NUES dec с=о с=о с=б 
HO H HO H HO H HO H 
-&—— = K- 
H OH H OH H OH OH 
H OH H OH H OH OH 
CH OH CHOH CHOH 
H H H 
| | + HzO 
PhNHN =@ PhNHN=C PRNHN=C 
аг oe + Р 
PhNH—NH; С=О: PhNHNH;—C—90: PhNHN==C 
$, 
HO H HO—1—H HO H 
H OH H—1— OH H OH 
H OH H—j— OH H OH 
CH30H CH5OH СНОН CH20H 


In these last steps, two nucleophilic addition reactions take place to yield imine products. 
The mechanism has been worked out in greater detail in Section 19.8, but the essential 
steps are additions of phenylhydrazine, first to the imine, then to the ketone. Proton 
transfers are followed by eliminations, first of ammonia, then of H20. 
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25.70 


25.71 
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(a) 
OH сн,он CHOH ОН 
OH ring 
-Q —- 
T-É-——— О 
А» Пр HO ET OH 
HO 
OH 
less stable more stable 
§-D-ldopyranose 
OH сн,он сын 
оң, / 
-— mng О OH 
——— 
flip HO OH 
HO 
OH OH 
less stable more stable 
«a-D-Idopyranose 
(b)  a«-D-ldopyranose is more stable than /-D-idopyranose because only one group is 
axial in its more stable chair conformation, whereas fj-D-idopyranose has two axial 
groups in its more stable conformation. 
(c) 
CHOH OH HC - ~O 
hcat pe 
Q == о + H20 
HO OH HO ~~. Он 
HO HO 
1,6-Anhydro-D-idopyranose is formed from the В anomer because the axial 
hydroxyl groups on carbons 1 and 6 are close enough for the five-membered ring to 
form. 
(d) The hydroxyl groups at carbons 1 and 6 of D-glucopyranosc are equatorial in the 
most stable conformation and arc too far apart for a ring to form. 
HOCH OH 


он 
H H 


HO OH 


D-Ribofuranose is the sugar present in acetyl CoA. 
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Chapter Outline 


i. Amino acids (Sections 26.1—26.3). 
A. Structure of amino acids (Section 26.1). 
1. Amino acids exist in solution as zwitterions. 


a. Zwitterions are internal salts and have many of the properties associated with 
salts. 
i. They have large dipole moments. 
ii They are soluble in water. 
iii, They are crystalline and high-melting. 
b. Zwitterions can act cither as acids or as bases. 
i. The -COz group acts as a base. 
и. The ammonium group acts an acid. 
2. All natural amino acids are a-amino acids: the amino group and the carboxylic acid 
group are bonded to the same carbon. 
3. All but one (proline) of the 20 common amino acids are primary amines. 


4. All of the amino acids are represented by both a three-letter code and a one-letter 
code. See Table 26.1. 


5. Allamino acids except glycine are chiral. 
a. Only one enantiomer (L) of each pair is naturally-occurring. 
b. In Fischer projections, the carboxylic acid is at the top, and the amino group: 
points to the left. 
с. @-Amino acids are referred to as L-amino acids. 
6. Side chains can be neutral, acidic, or basic. 
a. Fifteen of the 20 amino acids are neutral. 
b. Two (aspartic acid and glutamic acid) are acidic. 
i. AtpH = 7.3, their side chains exist as carboxylate ions. 
с. Three (lysine, arginine and histidine) are basic. 
i. At pH = 7.3, the side chains of lysine and arginine exist as ammonium ions. 
ii. Histidine is not quite basic enough to be protonated at pH = 7.3. 
jii. The double-bonded nitrogen in the histidine ring is basic. 
d. Cysteine and tyrosine are weakly acidic but are classified as neutral. 
7. Humans are able to synthesize only !! of the 20 amino acids. 
a. These are nonessential amino acids. 
b. The 9 essential amino acids must be supplied in the diet, 
B. The Henderson-Hasselbalch equation and isoelectric points (Section 26.2). 
1. The Henderson-Hasselbalch equation. 


a. If we know the values of pH and pKa, we can calculate the percentages of 
protonated, neutral and deprotonated forms of an amino acid. 


b. If we do these calculations at several pH values, we can construct a titration curve 
for each amino acid. 
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The isoelectric point (p/) is the pH at which an amino acid exists as a neutral, dipolar 
zwitferion, 
а. pZis related to side chain structure. 
i. The 15 amino acids that are neutral have p/ near neutrality, 
ii. The two acidic amino acids have p/ at a lower pH. 
iti, The 3 basic amino acids have p/ at a higher pH. 
For neutral amino acids, p/ is the average of the two pKa values. 
For acidic amino acids, p/ is the average of the two lowest pKa values. 
d. For basic amino acids, p/ 1s the average of the two highest pXa values. 
e. Proteins have an overall p/. 
Electrophoresis allows tbe separation of amino acids by differences in their p/. 
a. A buffered solution of amino acids is placed on a paper or gel. 
b. Electrodes are connected to the solution, and current is applied. 


c. Negatively charged amino acids migrate to the positive electrode, and positively 
Charged amino acids migrate to the negative clectrode. 


d. Ammo acids can be separated because the extent of migration depends on p/. 


. Synthesis of a-amino acids (Section 26.3). 
1, 


The Hetl-Volhard-Zelinskii method and the phthalimide method. 
а. An a-bromo acid is produced from a carboxylic acid by a-bromination. 
b. Displacement of -Br by ammonia gives the a-amino acid. 


2. The amidomalonate synthesis. 
а. Ап alkyl halide reacts with the anion of diethyl amidomalonate. 
b. Hydrolysis of the adduct yields the a-amino acid. 
3. Reductive amination. 
a. Reductive amination of an a-keto carboxylic acid gives an a-amino acid. 
b. This method ts related to the biosynthetic pathway for synthesis of amino acids. 
4. All of the methods listed above produce a racemic mixture of amino acids. 
. Enantioselective synthesis of amino acids. 
1. Resolution of racemic mixtures: 
a. The mixture can react with a chiral reagent, followed by separation of the 
diastereomers and reconversion to amino acids. 
b. Enzymes selectively catalyze reactions that torm one of the enantiomers, but not 
the other. 
2. Enantioselective synthesis. 


a. Enantioselective hydrogenation of Z-enamido acids produces chiral a-amino 
acids. 

b. The most effective catalysts are complexes of rhodium (I), cyclooctadiene and a 
chiral diphosphine. 
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П. Peptides (Sections 26.4—26.8). 
A. Peptide structure (Section 26.4). 


1. 


ө 


л 


Peptide bonds. 

a. A peptide is an amino acid polymer in which the amine group of one amino acid 
forms an amide bond with the carboxylic acid group of a second amino acid. 

b. The sequence of CN-CH-CO-- is known as the backbone of the peptide or protein. 

c. Rotation about the amide bond is restricted. 

The N-terminal amino acid of the polypeptide is always drawn on the left. 

The C-terminal amino acid of the polypeptide is always drawn on the right. 

Peptide structure is described by using three-letter codes. or one-letter codes. for the 

individual amino acids, starting with the N-terminal amino acid on the left. 

Disulfide bonds. 

a. Two cysteines can form а disulfide bond ( -S-S-). 

b. Disulfide bonds can link two polypeptides or introduce а loop within a 
polypeptide chain. 


B. Structure determination of peptides (Sections 26.5—26.6). 


2: 


Amino acid analysis (Section 26.5). 
a. Amino acid analysis provides the identity and amount of each amino acid present 
in a protein or peptide. 
b. First, all disulfide bonds are reduced and all peptide bonds are hydrolyzed. 
с. The mixture is placed on a chromatography column, and the residues are eluted. 
i. As each amino acid elutes, it undergoes reaction with ninhydrin, which 
produces a purple color that is detected and measured spectrophotometrically. 
d. Alternatively, the mixture can be analyzed by HPLC. 
е. Amino acid analysis is reproducible on properly maintained equipment; residues 
always elute at the same time, and only small sample sizes arc needed. 
The Edman degradation (peptide sequencing) (Section 26.6). 
а. The Edman degradation removes one amino acid at a time from the -NH2 end of a 
peptide. 
i. The peptide is treated with phenylisothiocyanate (PITC), which reacts with 
the amino-terminal residue. 
ii. The PITC derivative is split from the peptide. 
ш. The residue undergoes acid-catalyzed rearrangement to a PTH, which is 
identified chromatographically. 
iv. The shortened chain undergoes another round of Edman degradation. 
b. Since the Edman degradation can only be used on peptides containing fewer than 
50 amino acids, a protein must be cleaved into smaller fragments. 
i. Partial acid hydrolysis is unselective and therefore is of limited usefulness. 
и. The enzyme trypsin cleaves proteins at the carboxyl side of Arg and Lys 
residues. 
ш. The enzyme chymotrypsin cleaves proteins at the carboxyl side of Phe, Tyr 
and Trp residues. 
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с. 


The complete amino acid sequence of a protein results from determining the 
individual sequences of peptides and overlapping them. 


C. Synthesis of peptides (Sections 26.7—26.8). 
1. Laboratory synthesis of peptides (Section 26.7). 


a. 


Groups that are not involved in peptide bond formation are protected. 
i. Carboxyl groups are often protected as methyl or benzyl esters. 
ii. Amino groups are protected as Boc or Fmoc derivatives. 


b. The peptide bond is formed by coupling with DCC (dicyclohexylcarbodiimide). 


The protecting groups are removed. 

i. Boc groups are removed by brief treatment with trifluoroacetic acid. 
ii. Fmoc groups are removed by treatment with base. 

iti. Esters are removed by mild hydrolysis or by hydrogenolysis (benzyl). 


2. Automated peptide synthesis - Merrifield solid-phase method (Section 26.8). 


a. 


The carboxyl group of a Boc-protected amino acid is attached to a polystyrene 
resin by formation of an ester bond. 

The resin is washed with trifluoroacetic acid, and the Boc group is removed. 
А second Boc-protected amino acid is coupled to the first, and the resin is 
washed. 


d. The cycle (deprotecting, coupling, washing) is repeated as many times as needed. 


e. 


f. 


IIT. Proteins (S 


Finally, treatment with anhydrous HF removes the final Boc group and frees the 
polypeptide. 

Robotic peptide synthesizers have improved yield and preparation time. 

ection 26.9). 


А. Classification of proteins. 
1. Fibrous proteins consist of long, filamentous polypeptide chains. 
2. Globular proteins are compact and roughly spherical. 

B. Protein structure. 
l. Levels of protein structure. 


а. 
b. 


c. 


d. 


Primary structure refers to the amino acid sequence of a protein. 

Secondary structure refers to the organization of segments of the peptide 
backbone into a regular pattern, such as a helix or sheet. 

Tertiary structure describes the overall three-dimensional shape of a protein. 
Quaternary structurc describes how protein subunits aggregate into a larger 
structure. 


2. Examples of structural features. 


a. 


a-Helix. 

i Ana-helmx is a right-handed coil; each turn of the coil contains 3.6 amino 
acids. 

U. The structure is stabilized by hydrogen bonds between amide N- H groups and 
С=О groups four residues away. 
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b. f-Pleated sheet. 
i. Ina f-pleated sheet, hydrogen bonds occur between residues in adjacent 
chains. 
ii. In a f-plcated sheet, the peptide chain is extended, rather than coiled. 
c. Tertiary structure. 
i. The nonpolar amino acid side chains congregate in the center of a protein to 
avoid water. 
ii. The polar side chain residues are on the surface, where they can take part in 
hydrogen bonding and salt bridge formation. 
iii. Other important features of tertiary structure are disulfide bridges and 
hydrogen bonds between amino acid side chains. 
3. Denaturation of proteins. 
a. Modest changes in temperature and pH can disrupt a protein's tertiary structure. 
i This process is known as denaturation. 
ii. Denaturation doesn’t affect protein primary structure. 
b. Denaturation affects both physical and catalytic properties of proteins. 
с. Occasionally, spontaneous renaturation can occur. 
C. Enzymes (Sections 26.10—26.11). 
1. Description of enzymes and cofactors (Section 26.10). 
а. An enzyme is a substance (usually protein) that catalyzes a biochemical reaction. 
b. An enzyme is specific and usually catalyzes the reaction of only one substrate. 
i. Some enzymes, such as papain, can operate on a range of substrates. 
c. How enzymes function. 
i. Enzymes form an enzyme-substrate complex, within which the conversion to 
product takes place. 
ii. Enzymes accelerate the rate of reaction by lowering the energy of the 
transition state. 
iii, The rate constant for the conversion of E'S to E + P is the turnover number. 
d. Enzymes are grouped into 6 classes according to the reactions they catalyze. 
i. Oxidoreductases catalyze oxidations and reductions. 
п. Transferases catalyze the transfer of a group from one substrate to another. 
in. Hydrolases catalyze hydrolysis reactions. 
iv. Lyases catalyze the addition or loss of a small molecule to or from a substrate. 
v. [somerases catalyze isomerizations. 
vi. Ligases catalyze bond formation between two molecules, often coupled with 
hydrolysis of ATP 
е. The name of an enzyme has two parts, ending with -ase. 
i. The first part identifies the substrate. 
ii. The second part identifies the enzyme's class. 
f. Most enzymes are globular proteins, and many consist of a protein portion 
(apoenzyme) and a cofactor. 
i. Cofactors may be small organic molecules (coenzymes) or inorganic ions. 
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ii. Many coenzymes are derived from vitamins. 
2. How enzymes work - citrate synthase (Section 26.11). 


а. Citrate synthase catalyzes the aldol-like addition of acetyl CoA to oxaloacetate to 
produce citrate. 


b. Functional groups in a cleft of the enzyme bind oxaloacetate. 
Functional groups in a second cleft bind acetyl CoA. 
i. The two reactants are now in close proximity. 
Two enzyme amino acid residues generate the enol of acetyl CoA. 


e, The enol undergoes nucleophilic addition to the ketone carbonyl group of 
oxaloacetate. 


f. Two enzyme amino acid residues deprotonate the enol and protonate the carbonyl 
oxygen. 
g. Water hydrolyzes the thiol ester, releasing citrate and CoA. 
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Solutions to Problems 


Amino Acids with aromatic rings: Phe, Tyr, Trp, His. 

Amino acids containing sulfur: Cys, Met. 

Amino acids that are alcohols: Ser, Thr (Tyr 1$ a phenol.) 

Amino acids having hydrocarbon side chains: Ala, Пе, Leu, Val, Phe. 


COH H 
Hnn = Hoc NH» 
R R 


A Fischer projection of the a-carbon of an L-amino acid 1s pictured above. 


For most L-amino acids: For cysteine: 
Group Priority Group Priority 
-NH» | -МИ» | 
-COH 2 -CISH 2 
-R 3 сон 3 
-H 4 zx 4 
4 
H H 
2 1 3 1 
TET NH» S HOC NH5 R 
X% 
aA “crash 
2 
COH COH COH 
HoN $4 HaN—43-H Я NH; 
H i OH HO 2 H H я OH 
CH, CH CH3 
L- Threonine Diastereomers of Threonine 


915 


On the low pH (acidic) side of p/, a protein has a net positive charge, and on the high pH 
(basic) side of p/, a protein has а net negative charge. Thus, hemoglobin (p/ = 6.8) has a 


net positive charge at pH —5.3 and а net negative charge at рН = 7.3. 


This method of amino acid synthesis is simple and uses methods we have already studied. 
The phthalimide synthesis can also be used to introduce the amino group. Remember that 


only racemic amino acids are produced by this method. 
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(a) Br NH» 

1 t. Bro, РВгз | | = 
CgH5CH2CH5CO5H 2.H0 “ CgHgSCH5CHCOSH excess CgH5CH5CHCO5 
3-Phenylpropanoic acid Phenylalanine 

Br NH» 

(b) 1. Bro, РВгз | NH3 > 
(CHggCHCH2COsH > ТЕ; (CHg)oCHCHCO2H сус” (СНУ2СНСНСОЬ 
3-Methylbutanoic acid Valine 

<. —El OH 
COsEt sc und * 2 FtOH 
| 1. Ма" СОЕ! | H40* | 

H—O--COsEFt ee cer. АО hear iE №. + CO; 

/ + 
|| ?u H 
О О 


In the amidomalonate synthesis, shown above, ап alkyl halide RX is converted to 
RCH(NH:')CO:H. Choose an alkyl halide that completes the structure of the target 


amino acid. 
(a) Amino Acid 
NH” 
(CH3)gCHCHa2CHCO;- 
[Leucine 
(б) Amino Acid 
NH4* 
N BN | 3 
u CH5CHCO;- 
N 
\ 
н 
Histidine 
(с) мн 
CH5CHCO; 
N 
N, 
H 


Tryptophan 


Halide 


(Сна) CHCHSBr 


Hide 
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(d) Die 
CHaSCHoCHsCHCO., CHSC HaC H5Br 
Methionine 


26.7 The precursor to an amino acid prepared by enantioselective hydrogenation has a Z 
double bond conjugated with a carboxylic acid carbonyl group. 


|o ^ d 
Hl DO 20. ыы, ЕСЕ БЕ Lr Hee caes oot 
"i б OH 2 NaOH, H2O m n о 
HaC H  NHCOCH3 HaC H  HNH; 
Leucine 
26.8 Val-Tyr-Gly (VYG) Tyr-Gly-Val (YGV) Gly-Val-Tyr (GV Y) 
Val-Gly-Tyr (VGY) Tyr-Val-Gly (Y VG) Gly-Tyr-Val (GYV) 


26.9 The N-terminal group 1$ on the right, and the C-terminal group is on the left. 


HoC - CH; H О нн 
НС \ А | , {у 
Б А „бы 


N-terminal N СОр C-terminal 
+ x 4 B |) 


4'\ 8 
\ H 
Has caeso. Ө: Воен 
a’ 
/ 
CH4SCH5CH5 Н ---- amide bonds 
Met— Pro уа == Gly 
M Р — v G 
26.10 


+ + 
HaNCHCH;SH + ICHCO H ———* H3NCHCH,S—CH,CO.H + Г 


The cysteine sulfur is à good nucleophile, and iodide is а good leaving group. 


26.11 One product of the reaction of an amino acid with ninhydrin is the extensively conjugated 
purple ninhydrin product. The other major product is the aldehyde derived from the side 
chain of the amino acid. When valine reacts, the resulting aldehyde is 2-methylpropanal. 
The other products are carbon dioxide and water. Tbe identity of the aldehyde is 
determined by the amino acid side chain. 
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О о го 
* NH 
277 „Он S 6G: d Uu. 
2 | + (CH49CHCHCO; ——» | N | 
us ( он 2 ы / Zz 
O о о 


О 
(CH4);CHCH * СО» +8 H20 


26.12 Trypsin cleaves peptide bonds at the carboxyl (right) side of lysine and arginine. 
Chymotrypsin cleaves peptide bonds at the carboxyl side of phenylalanine, tyrosine and 
tryptophan. 


Trypsin NM 
Asp-Arg + Val Tyr Tle-His- Pro. Phe 


Chymotrypsin 
y l Asp. Arg Val-Tyr + Te-His--Pro Phe 


26.13 The part of the PTH derivative that lies to the right of the indicated dotted lines comes 
from the N-terminal residue. Complete the structure to identify the amino acid, which in 
this problem is methionine. 


ЧЕН. м 5 
NC 
= d C. CHaCHaSCHg -—— 'O;CCH-—CH,CH)SCH, + CeHsN=C=S 
— 3 РА 
T * NHa 
H Methionine 


26.14 The N-terminal residue of angiotensin II is aspartic acid. Replace the —R group of the 
PTH derivative in Figure 26 .4 with -CH2CO:2H to arrive at the correct structure. 


Cehe, А 
N—C 
< ee CHeCOoH 
и “н 


26.15 Line up the fragments so that the amino acids overlap. 


(a) Arg-Pro (b) V-M-W 
Pro-Leu-Gly W-N-V 
Gly-Ile- Val V-L 
The complete sequence: The complete sequence: 
Arg-Pro-Leu-Gly-Tle-. Val V-M-W-N-V-L 
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26.16 
«x 1 
i ees :0: DM | 
(снозсо = 26-056 OC(CHs)3 === | (СНа)з00— с O— C— OC(CH3; | 
i nucleophilic HNCHRCO;H | 
HNCHRCO;H addition ol ге? | 
amino acid T H | | 
nitrogen Eta Nis. t deprotonation | 
: VP xd 
(СНА) СО — C—NHCHRCO;" ——— | (CH4400 — с OL с—0сснз)з 
Joss of M » 
* COs + HOCCHys CO, und HNCHRCOSH + Eta NH 
rert-butox ide 
26.17 
CHaCHICH}2 R R = CHsCHICHa)> 
+ + 
Leu = НэМСНСО2_ = H4NCHCO; | 


1. Protect the amino group of leucine. 


R O R 

ИИ | _ Et9N й | : 
(CH3)3COCOCOC(CH3); + HaNCHCO» —— (СНа)ЗСОСМНСНСО 

си iu COs + HOC(CHa)3 


2. Protect the carboxylic acid group of alanine. 


CHg CH 
H* 
HoNCHCOSH + СНОН "Catalyst HoNCHCOsCH4 
Ala 


3. Couple the protected amino acids with DCC. 


О e 
(CH44COCNHeH CO, + wa on O 
R CHa 
оо Q NH — С. NH 
(Сна)зсосмнонс — NHCHCOCHs = i ie 
R CHa 
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4. Remove the leucine protecting group. 


I! T f CF4COSH * | | 
(CHJgCOCNHCHC—NHCHCOCH, = HSNCHC— NHCHCOGHg 
R CHs Я CH, 
T (CH4)5C = CH3 + CO; 


5. Remove the alanine protecting group. 


+ 1 ff 1, NaOH. HoO f f 1 
HaNCHC-—NHOHCOCH, от» — HgNOHC—NHCHCOH + наон 
3 
R CHa (CHg)jaCHCHg CHa 


leu Ala 
26.18 (a) Pyruvate decarboxylase is a lyase. 
(b) Chymotrypsin is a hydrolase. 


(c) Alcohol dehydrogenase is an oxidoreductase. 


Visualizing Chemistry 


26.19 
+ = + 
(a) < “ұн (b) poo eis (c) Кам ра Г. H 
* row » с E -0 е aue 
нәм "CO; A p 2 4s | 
| | \ H H о 
Isoleucine н. Histidine Glutamine 
H 
26.20 
NH3 
+ / 
НАМ C Су „М Co HE ay os А 
N-terminal ^ Kod TN £ Bu м CO5^ C-terminal 
р н сн. H 
HcH,sH © : 
Cys Lys Ala Asp 
CK —A————D 
26.21 
НН 
\/ T 
C CH 
нс“ ОВ 3 
a r 
Hsc 
H4N^ $ СО» 
+ 
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26.22 It’s possible to identify this representation of valine as the D enantiomer by noting the 
configuration at the chirality center. The configuration is R, and thus the structure is 


D-valine. 
TOC „се CH(CHsio D-Valine 
д (R)-Valine 
Нам H 
+ 


26.23 After identifying the amino acid residues, notice that the tetrapeptide has been drawn 
with the amino terminal residue on the right. To name the sequence correctly, the amino 


terminal residue must be cited first. Thus, the tetrapeptide should be named Ser-Leu- 
Phe-Ala. 


He £02 о 1 H 0 
, n X. 
CV VC ее СН2ОН 
H” SN hc ed + и “мх, sg” 
! » ii i ИА 
H но H H м 
Ala Phe Leu Ser 
A Е L S 


Mechanism Problems 


26.24 (a) 
1 O O 
OH - H20; £o) OH 
4. TOW UV 2. NH»CHCO, 
\ | у Ж 
о | ©  HoNCHCO,H | о " 
- 3 
P О R Q 
+ A „Он; 
NHCHCO; =— М 
4. 4 МНСНСО- 
R Б 
| О + HO О 


Step1: Dehydration. 


Step2: | Nucleophilic addition of the amino group of the amino acid. 


Step 3: Proton transfer. 
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Step 4: — Loss of water. 


(b) 
Decarboxylation produces a different imine. 
(c) S 
О но т о А 
/ Он 


:0: о: > 
о 
о О m 
H COH 
+ af 
a NH = NH —CHR 
А / 
3. 
+ 
| , RCHO чо: 


Step 1: Addition of water. 
Step 2: Proton transfer. 


Step 3: Bond cleavage to yield an aldehyde and an amine. 
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(d) 


+ Но 


Step 1: Addition of the amine to a carbonyl carbon of a second ninhydrin 
molecule. 


Step 2: X Proton shift. 
Step 3: Loss of water to form the purple anion. 


Notice that the amino nitrogen is all that remains of the original amino acid. 


26.25 
Formation of cation: 


Es oN + Е 
НС О-®СН>^-@ SnCl, = НзС--О=СНЬ SnCis 


Electrophilic aromatic substitution: 


| я МВ - 

—. (+ [ ^н | 
HəC=0CH; EM | i CH20CH, 

SnClg | а. 


Protonation of the ether oxygen. followed by displacement of methanol by СТ. 
CHA 


à V lv 

K ое оф H Jere 
` | 
М, H i 


3 | + HOCH, 
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26.26 
CH, 
- OO 
— 
+ 
9 | 
у NHCHCO 
i 25.9 wx ie] 
CO, +  HjNCHCO но а. н 
E CA 
г. 
B H— OH 
Step 1: — NaOH brings about elimination of the carboxylated peptide. 
Step2: |. Loss of CO». 
The Fmoc group is acidic because the Fmoc anion is similar to the cyclopentadieny! 
anion, which is resonance-stabilized and 1$ aromatic. 
26.27 (a) | 
i Jr ; | |] 
NX EN — ce oe пе | АА Br 
СН» one | | rs 
он;—8—Онз сн; $—СНз | | Сн» 9—69 
“а бе. | С 
:NEC—Br ING [BED | | N 
po | tec XE 0] | b 


The first step is a substitution similar to the nucleophilic acyl substitution reactions 
that we studied in Chapter 21. 
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(b) 
7 O O 
fae || + li 
due E V-NHcHC i- — EI NHCH— C==NHCHC с 
X. 
CH5:0:3 В НС O Я 
| 2 `/ 2 М / 
НС: 2 — 
2 SCEN + H3C—S—C=N 
iv | 
CH3 
Internal Su2 displacement of sulfide results in formation of a 5-membered ring 
containing an iminium group. 
(c) + 
H20 m> О :OHs О 
у + |} | {| 
NHCH— C= NHCHC -= аж NHÇH—Ç —NHÇHC 
[А 
HC о“ в addition нс о А' 
КА, of water Nox proton 
HC нс transfer 
2 - 
СОН Q 
ИІ Saf + | 
NE С + WO T «e Dn E) iuc us 
| А | 
POS p я brcaking of Foe 2 А 
H5C peptide bond НС 
lactone 
In this sequence of steps, water adds to the imine double bond, and the peptide bond 
is cleaved. 
(d) К 
B 
SN 
H20 H» Q* хо 
y 20H 4 
-$ NECH СА и с н а NHCH —C 
| =” Cl. ж” | 
20 о. ee о нс * s | нс OH 
\ / addition x / proton x ^ ring НОЕ 
Ho Of water 2 transfer HaC opening 2 


hl 
ме. а с 


OH 


ES 
(rom (c) СНОН 
Water opens the lactone ring to give the product shown. 
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26.28 
ro MEUM X 
NO: О: cto: C9 
"il \ ^» ШЫ i p [ 
С — C + R' — P э» С * R' AH PS R' 
HA acolo a и SN в” = R^ “к^ 
| OH £N М | 
И. H (OH + H H 
LN. СО + "OH 
H^ ^R e 


Additional Problems 
Amino Acid Structures and Chirality 


26.29 Both (А)-ѕегіпе and (A)-alanine are D-amino acids. In a D-amino acid, ће -NH2 group is 
on the right. 


CO» COs 
H E NH3* H | a 

CHOH CH, 
(A)-Serine (R)-Alanine 

26.30 
4 
- H 
СО; 3 1 
*H3N H Келе NH,” A 
CHoBr CH5Br 
1.-Bromoalanine à 
(R)-Bromoalanine 
This L "amino acid" also has an А configuration because the -CH?Br “side chain” is 
higher in priority than the -CO2H group. 
26.31 
DOS 
+ |5 | 
HaN —. (S)-Proline 

7 

HoC X „Сн 
CH; 
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26.32 
(a) CH4CHCO; (b) СНз (с) Н5СНЬСНСО> 
N * НЗ CH4CH;CHCHCO; “мн 
* NH3 
i Cysteine (Cys) 
Tryptophan (Trp) Isoleucine (He) 
(d NIN А 
| CH;CHCO? 
М + NH 
H 
Histidine (His) 
26.33 
О, S M 
C — OH 6-0 xa: 5 ul 
C= x 
— — 
T -—--— + —— 
SZ NE Kj NH» Ko NH 
НА“ НА А 
neutral deprotonated 


protonated 
At pH = 2.50: 
[HA] = pH - pk, = 2.50-1.99 = 051,74) = 3.24 
[H,A"] 


log- 
[Н.А ] 
At pH = 2.50, approximately three times as many proline molecules exist in the neutral 


form as exist in the protonated form. 


At pH = 9.70: 
log A] = он - pk,, =9.70-10.60-—0.90; 3. — 0.126 
[HA] [H 
At pH = 9.70, the ratio of deprotonated proline to neutral proline is approximately 1:8. 
26.34 
(a) Val-Leu-Ser V-L-S Ser-Val-Leu S-V-L 
Val-Ser-Leu V-S-L Leu-Val-Ser L-V-S 
Ser-Leu- Val S-L-V Leu-Ser- Val L-S-V 
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(b . Ser-Leu-Leu-Pro S-L-L-P Leu-Leu-Ser-Pro L-L-S-P 
Ser-Leu-Pro-Leu S-L-P-L Leu-Leu-Pro-Ser L-L-P-S 
Ser-Pro-Leu-Leu $-Р-Г.-Е. Leu-Ser-Leu-Pro L-S-L-P 
Pro-Leu-Leu-Ser P-L-L-S Leu-Ser-Pro-Leu L-S-P-L 
Pro-Leu-Ser-Leu P-L-S-L Leu-Pro-Leu-Ser L-P-L-S 
Pro-Ser-Leu-Leu P-S-L-L Leu-Pro-Ser-Leu L-P-S-L 


26.35 Aldehydes and ketones can undergo nucleophilic addition reactions. In particular, 
aldehydes and ketones can react with amines to form imines and enamines, reactions that 
might compete with formation of amide bonds between amino acids. Because of this 
reactivity, aldehydes and ketones are unlikely to be found in amino acid side chains. 


Amino Acid Synthesis and Reactions 


26.36 The diethylamidomalonate anion is formed by treating diethylamidomalonate with 
sodium ethoxide. Choose the appropriate halide based on the amino acid side chain. 


(а) _ " 
г СОЕ СОЕ 
za (Сна) CHCH;Br | 
6928 — шш: ыы Em COEL 
ы ай: ^N. -CH3 
|| Н 
О | © 
H40* 
CH3CO)H + COs + 2EtOH +  (CH3j4CHCHaCHCOsSH Leucine 
* МН 
(b) А 
сое. 7 COE! 
76—081 : CHBr Савова 
+ 
М єн N CH 
| H^ ^g 3 ғ ғ H "g^ 3 
p О | М N, О 
H H 
| H,0* 
CH5CHCO;H 
N t NH3 
N 


\ ; 
H Tryptophan 
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26.37 
(a) ү NH We 
CH4SCHoCHoCCOSH gud СНЗЗСНЫСНЫСНСОЬН 
aor, 
Methionine 
(b) H4C O HC NH» 
MEI NH3 | 
авта 
Isoleucine 
26.38 
(a) з 0 үн P 
t art x 
— Ene 1. Hp, [RhDIPAMPXCOOJI BF 4 В Pe e g- 
3 | 2. NaOH. HO 3 д 
NHCOCH3 HNH, Valine 
(b) \ О 
C—OH H а 
ы м 
== 1. Hp, (АНОРАМРЯСОО}} BF, id 
L————————————————— 
NCOCH4 2. NaOH, но NH Proline 
26.39 А 
TR 
ий 
С COSEt CO Et 
„тч 2 2 
HH. | n | H30* 
b 76028 — PRRI м. sce dedic: a 
N. CH N. -CHa *NH 
P 2 3 NM 3 3 
H 6 H " А Scrine 
о Q i + CHCOOH 
+ СО» + 2 EtOH 
26.40 
(а) үсну„снснсо„^ бышыгын (CHa)9CHCHCOSCH5CH 
(CH3lo | 2 Н? catalyst glace 2СН>СНз 
* МН * NH3 
Valine 
(b) 9 
| _ (CH33COCOCOC(CH3s E 
(CH); CHCHCOs EUST ATE (CHg)JJCHCHCO, + HOC(CHg] 
3 
*NH3 МАО + со» 


о 
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(c) " KOH, НО "A 

Ноа Ses аон Hee K + H20 
* NH3 NHz 


1. CH4COCI. pyridino 
(d) (снагснснсозг eee (CHgsCHCHCO; 


2. НО | 
+ NH3 ын ОН» 
о 
26.41 Ld 
10: о: 20: ‘oO: 
/ N 
шуа AL 

N N : 
0: О; :О: ʻO: 


. | 


О: О: A O: 
OOO - OO MO 
\ / 2 / 

:0: Hen 


10: цем 


| 


:0: oi 10: dep 
4 Р 
и T sa "E 
i | М =— М 
ENS 22 
/ 

39 ОЮ: 30; го: 
It is also possible to draw many other resonance forms that involve the z electrons of the 
aromatic 6-membered rings. 
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Peptides and Enzymes 


26.42 (a) Ыы 
ы КН 
CH5CH5SCHs 
O HCH О H 
+ I 2%; | [ X 
Нам Gu „Су М С. „С 
З та ^cK n cdi od Soo" 
Jk ge ИЕ АӨ Ж 
Н$СН>Н Н CH5CH3CO;^ 
Cys His Glu Met 
c H E M 
(b) 


HaC, ССН»; 
н о нон H о dH сюсњсо; 
/ TIL ME NC DN i dcc 


Чу „С „С „М „С. „Сс 
н ^^ GN о ыы о Е 
я | MB г. | ПА т : 
H 


‘ H 
+ N C A о H CH о iH 
N “NA STS LN - 
£N Y F4 О НС OH CH2CO5 
HH о  HACHCHCO, 
PS RE = eel cuspis E 
Pro Giu —Pro Thr ile Asp Glu 


26.43 The tripeptide is cyclic. 


Leu АБ 
Ala — Phe Phe — Ala 


26.44 
Step 1: Valine is protected as its Boc derivative. 


Eta N 
(CHg)gCOCOCOCI(CH3)3 + Val З=  (CH4j4COC —Val — OH 
(Вос — Val — OH) 
Step 2: Boc- Va] bonds to the polymer in an Sn2 reaction. 


Boc--Val—OH + CICH5——(Polymer wate вос —val—OcH,~(Polyme 
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Step 3: The polymer is first washed, then is treated with CF3COoH to cleave the Boc 
group. 


j.wash —— wash 
Boc — Val — ОСН, > сен" СОН Val — OCH, — Polymer 
352 


Step 4. А Boc-protected Ala is coupled to ће polymer-bound valine by reaction with. 
DCC.Thc polymer is washed. 


1. DCC 
Boc—Ala + vai ОСН, (име?) ^ " Boc— Ala — Val — OCH. — (Polymer 
. wasl 


Step 5: The polymer is treated with СЕЗСОЈН to remove Boc. 


СЕзСО2Н 
Вос — Ala — Val — ОСН» — (Polymer }  ———————- Ala —Val — ОСН, 


Step 6: A Boc-protected Phe is coupled to the polymer by reaction with DCC. The 
polymer is washed. 


1. DCC 
Boc—Phe + Ala —vai— ОСН, (Боут) Pa 
. Was 


Boc — Phe—Ala — Val— OCH) — Poymer) 


Step 7: Treatment with anhydrous HF removes the Boc group and cleaves the ester bond 
between the peptide and the polymer. 


HF 
Boc — Phe — Ala — Val ОСН, — (Former) == 
Phe — Ala — Val T (CHa)oC = CH» * СО» + HOCH» 


26.45 
К РІТС К , : E 
Peptide — —————9 Phenyl thiohydantoin + Shartened Peptide 
(al 
СЄН» 2 CH 
He- Leu -Pro-Phe EAT p? t cu-Pro-Phe 
[Бык басы on | --СнСн„Сн lL- P— E 
zc. C 2-3 
5 ч мү, 
H 
(bi 
Asp Thr Ser -Gly Ala N—C Thr Ser Gly Ala 
Depos ож "m ‘oc CH2CO2H Ts —G- X 
5 “м -7N H 
| 
H 
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i | 
Phe Leu— Ме — Lys Туг Asp- Gly — Gly — Arg + Val — He — Pro— Tyr 


Cleaved hy uypsin = ---- 
Cleaved by chymotrypsin = eve 


(a) Hydrolases catalyze the cleavage of bonds by addition of water (hydrolysis). 
(b) Lyases catalyze the elimination of a small molecule (H20, CO2) from a molecule. 


(c) Transferases catalyze the transfer of a functional group between substrates. 


Amino acids with polar side chains are likely to be found on the outside of a globular 
protein, where they can form hydrogen bonds with water and with each other. Amino 
acids with nonpolar side chains are found on the inside of a globular protein, where they 
can avoid water. Thus, aspartic acid (b) and lysine (d) are found on the outside of a 
globular protein, and valine (a) and phenylalanine (c) are likely to bc found on the inside. 
Refer to Table 26.1. 


OH 
о CH; 
Sc de 
SON Й s N z А 
ү t 
О H o ` 
NH 
Leuprolide н ы 
Hi NH» 


Glu ——His —— Trp Ser — Tyr — Leu Leu——Arg —Pro—NHEt 


(a) The N-terminal glutamic acid is a cyclic lactam. The C-terminal proline is an N- 
ethyl amide. 


(b) One of the Icucines (indicated above) has D stereochemistry. 
(c) See above, 


(d) The charge on a peptide is due to the side chains. According to Table 26.1, the only 
side chain that is charged at neutral pH is arginine. Thus, leuprolide has a charge of 
+1 at neutral pH. 
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General Problems 


26.50 


26.51 


A proline residue in a polypeptide chain interrupts o-helix formation because the amide 
nitrogen of proline has no hydrogen that can contribute to the hydrogen-bonded structure 
of an a-helix, 


-- 7 * LES b.a “+ cl 
NH = Hf NH2 NH3 МН? мн): 
|] = H <tr | => | =— | 
ба e oc ъс... С. + NOTES 
нм” “мна  |HoN^ ^NHR НМ” ^NHR нм “мня in 


The protonated guanidino group can be stabilized by resonance. 


100 g of cytochrome c contains 0.43 g iron, or 0.0077 mol Fe: 


0.43 g Fe x _ пюре = 0.0077 mol Fe 
m е 


5.8 РЕ 
Assuming that each mole of protein contains 1 mol Fe, then mol Ее = mol protein. 
100 g Cytochrome c 13,000 g Cytochrome c 

0.0077 mol Fe | mol Fe 


Cytochrome c has a minimum molecular weight of 13,000 g/ mol. 


IH NMR shows that the two methyl groups of N,N-dimethylformamide are nonequivalent 
at room temperature. If rotation around the CO-N bond were unrestricted, the methyl 
groups would be interconvertible, and their 'H NMR absorptions would coalesce into a 
single signal. 


ue с rotate i g 
— т 5 

/ yo wee А 

HaC H ta) НАС H 


The presence of two methyl absorptions shows that there is a barrier to rotation around 
the CO-N bond, This barrier is due to the partial double-bond character of the CO-N 
bond, as indicated by the two resonance forms below. Rotation to interconvert the two 
methyl groups is slow at room temperature, but heating to 180° supplies enough energy 
to allow rapid rotation and to cause the two NMR absorptions to merge. 


нс ^ СЕ H :0: 
3 Ny Pp ge / 
N-—C = N=C 
/ \ / x 
H4C H H4C H 
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26.54 Gly 
Gly—Asp-Phe-Pro 
Phe-Pro-Val 
Val-Pro-Leu 
The complete sequence: 


Gly-Gly-Asp-Phe-Pro- Val-Pro-Leu 


26.55 — 
Gly 
Tle 
Val 
Gu — ——$ 
; | "m . 
GIn-Cys-Cys-Thr-SerAle-Cys-Ser-Leu- Ty fome Glas туф ; oM 
S 
1 $ — 
$ m 
His-Leu-Cys-Gly-Ser-His-Leu- V al-Glu- р-ты ас ys 
i р 
Glu о! у 
| 
an G lu 
Val Ате 
ww | Е ME = 
Phe ThrrLys-Pro-Th Н v inima ly 
| 


Cleaved by Trypsin = ---- 
Cleaved by Chymotrypsin = ~~ 


26.56 Ser-Ile-Arg-Val-Val-Pro-Tyr-Leu-Arg 


26.57 Reduced oxytocin: — Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH; 


Oxidized oxytocin: © Cys- Tyr-ile-Gln-Asn-Cys-Pro-Leu-Gly-NH? 


| | 
— < 


The C-terminal end of oxytocin is actually an amide, but this can't be determined from 
the information given. 
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26.58 
(a) 27 | (b) a у 
з Au 
О о 
йу ЕНЕ А и M He 
HON. „С „С, „Осн Нм „С. -C OCHs 
Ay | H ^ | [| 
H CH о он: >0 
сон СО 
Aspartame (nonzwitlerionic form) Aspartame at pH = 5.9. 7.3 
At pH = 7,3, aspartame exists т the zwitterionic form, as it does at pH = 5.9. 
26.59 
нрО: + н.о 
^ Y Л 2 LI UA e, 2 i + 
0: нон, +4" Nae 
5—С Е 5—6 “< S—C 
/ D => / \ = / \ 
N е, к А ү. м7 “мВ а NAR 
| | 4 | | H | { H 
| a 
+ >, awe 
H О: HQ: 
CaHa MM) ! „ОН CgHsg n V OH . «Он 
N— Xe C STG 
/ \ = \ == EE 
ee OR 5. 57 ` „ев 4 ны AON An 
| H | H | | H 
E H H CgHs H - 
ofl s 
А Н20: H + H30 
AO СЕН * о: с 
Е aN 2m E 
soU su Coop 7 g^ “св, | gr su R 
N н | H 
p. HM | | 
H H 
Step 1: Protonation Step2: Addition of water 
Step 3: Proton transfer. Step 4: Ring opening. 
Step 5: Bond rotation, addition of amine. Step 6: — Proton transfer. 
Step 7: Loss of water Step 8: Deprotonation. 
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26.60 TEN 
HaC NH | 
зү? transaminauon *q | | 
CH4CHSCHCHCO,;H + c«cketo acid =  CH4CHSCHCCOSH + amino acid 
26.61 
H CHOH 
РА 
0 H 
sS 
— " H 
] N 
; A -- СНз 
Азы H О 


о X 
Aa | 
E 
т 

т 

n3 
Г. 


| N 3. 
| 77CH3 КА 
| 4 М Enz х UE 
; Enz О i Enz О PESE 
НО E 
Сн, 
S 
H 
N / 
--CH4 
NH 4—Enz 
Enz О 


4-Methylidencimidazol-S-one (МЮ) 


Step 1: | Nucleophilic addition of the amino group of the amino acid. 
Step 2: Proton transfer. 

Step 3: Elimination. 

Step 4: Elimination. 
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26.62 
ES 
: 7 
: t 
HoN CO, 


Step 1: — Nucleophilic addition of the amine to a-ketoglutarate. 


NEL + 
:О: СО н мз 
“OC N O3 
N C 
2 IN 2 
H H 
но 


Step 2: Loss of water. 


^UE 
H + 
E > ном 
Pa d p | 
mene SONO CO, 
kae А | 


Step 3: Reduction by NADPH/H* 


М + 
f 
Su Pd МН? + 
С ОС h CQ, 
H © н Saccharopine 
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Review Unit 10: Biomolecules І - Carbohydrates, Amino Acids, Peptides 


Major Topics Covered (with vocabulary): 


Monosaccharides: 

carbohydrate monosaccharide aldose ketose Fischer projection D,L sugars 
pyranose furanose  anomer anomericcenter aanomer  fanomer  mutarotation 
glycoside Koenigs- Knorr reaction aldonicacid alditol reducing sugar —aldarie acid 
Kiliani-Fischer synthesis Wohl degradation fucose glucosamine — galactosamine 
neuraminic acid 


Other sugars: 

disaccharide 1,4 link cellobiose maltose lactose sucrose polysaccharide 
cellulose amylose amylopectin glycogen glycal assembly method deoxy sugar 
amino sugar cell-surface carbohydrate hemagglutinin neuraminidase 


Amino acids: 

amino acid zwitterion amphoteric  o-amino acid — side chain isoelectric point (р/) 
electrophoresis Henderson-Hasselbalch equation amidomalonate synthesis reductive 
amination resolution enantioselective synthesis 


Peptides: 

residue backbone N-terminal aminoacid C-terminal amino acid disulfide link amino 
acid analysis Edman degradation phenylthiohydantoin trypsin chymotrypsin peptide 
synthesis protection Вос derivative Fmoc derivative DCC Merrifield solid-phase 
technique 

Proteins: 

simple protein conjugated protein primary structure secondary structure tertiary 
structure quaternary structure a-helix f-pleatedsheet salt bridge prosthetic group 
enzyme cofactor apoenzyme holoenzyme coenzyme vitamin isomerase 
hydrolase ligase lyase oxidoreductase transferase denaturation 


Types of Problems: 

After studving these chapters, you should be able 10: 

- Classify carbohydrates as aldoses, ketoses, D or L sugars, monosaccharides, or 
polysaccharides. 

- Draw monosaccharides as Fischer projections or chair conformations. 

- Predict the products of reactions of monosaccharides and disaccharides. 

-  Deduce the structures of monosaccharides and disaccharides. 

- Formulate mechanisms for reactions involving carbohydrates. 

— Identify the common amino acids and draw them with correct stereochemistry in dipolar 
form. 

— Explain the acid-base behavior of amino acids. 

—  Synthesize amino acids. 

- Draw the structure of simple peptides. 

- Deduce the structure of peptides and proteins. 

- Outline the synthesis of peptides. 
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— Explain the classification of proteins and the levels of structure of proteins. 
- Draw structures of reaction products of amino acids and peptides. 


Points to Remember: 


*  Aldohexoses, ketohexoses and aldopentoses can all exist in both pyranose forms and 
furanose forms. 


* — Areaction that produces the same functional group at both ends of a monosaccharide 
halves the number of possible stereoisomers of the monosaccharide. 


* — The reaction conditions that form a glycoside are different from those that form a 
polyether, even though both reactions, technically, form -OR bonds. 


* — At physiological pH, the side chains of the amino acids aspartic acid and glutamic acid 
exist as anions, and the side chatns of the amino acids lysine and arginine exist as cations. 
The imidazole ring of histidine exists as a mixture of protonated and neutral forms. 


* — Sincethe amide backbone of a protein is neutra] and uncharged, the isoelectric point of a 
protein or peptide is determined by the relative numbers of acidic and basic amino acid 
residues present in the peptide. 


*  [nthe Merrifield technique of protein synthesis, a protecting group isn’t needed for the 
carboxyl group becausc it is attached to the polymer support. 


Self- Test: 


а ыы 2 
\ NH3? 
сно ОН | 


$ 
OH H4NCHa3CH5CHaCHCO?- 


Digitalose c 
(hydrolysis product of Ornithine 
digitoxigenin, a heart 

medication) 


Digitalose (A) is related to which D-aldohexose? Provide a name for A, including the 
configuration at the anomeric carbon. Predict the products of the reaction of A with: (a) 
CH30H, H catalyst; (b) СНІ, AgoO. 


Vicianose (B) is a disaccharide associated with а natural product found in seeds. Treatment 
of B with CH3I and Ag20, followed by hydrolysis, gives 2,3,4-tri-O-methyl-D-glucose and 
2.3,4-tri-O-methyl-L-arabinose. What is the structure of B? Is B a reducing sugar? 


Ornithine (C) is a nonstandard amino acid that occurs in metabolic processes. Which amino 
acid does it most closely resemble? Estimate рК» values and p/ for ornithine, and draw the 
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major form present at pH = 2, pH = 6, and pH = 11. If ornithine were a component of 
proteins, how would it affect the tertiary structure of a protein? 


Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln 
Porcine Dynorphin (D) 


Dynorphin (D) is a neuropeptide. Indicate the N-terminal end and the C-terminal end. Show 
the products of cleavage with: (a) trypsin; (b) chymotrypsin. Show the N- 
phenylthiohydantoin that results from treatment of D with phenyl isothiocyanate. Do you 
expect D to be an acidic, a neutral or a basic peptide? Kallidin (E) is a decapeptide that 
serves as a vasodilator. The composition of E is Ага? Gly Lys Phe: Pros Ser. The C- 
terminal residue is Arg. Partial acid hydrolysis yields the following fragments: Pro-Gly- 
Phe, Lys-Arg-Pro, Pro—Phe—Arg, Pro-Pro-Gly, Phe-Ser-Pro What is the structure of E. 
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Multiple choice: 


1. 


The enantiomer of a-D-glucopyranose is: 
(a) f-D-Glucopyranose 

(b) «-L-Glucopyranose 

(c) J-L-Glucopyranose 

(d) none ofthese 


АП of the following reagents convert an aldose to an aldonic acid except: 
(a) dilute HNO: 

(b) Fehling's reagent 

(c) Benedict's reagent 

(d) aqueous Br? 


Which two aldoses yield D-lyxose after Wohl degradation? 
(a) D-Glucose and D-Mannose 

(b) D-Erythrose and b-Threose 

(c) D-Galactose and D-Altrose 

(d) D-Galactose and D- Talose 


All of the following disaccharides are reducing sugars except: 
(a) Cellobiose 

(b) Sucrose 

(c) МаНозе 

(d) Lactose 


Which of the following polysaccharides contains J-glycosidic bonds? 
(a) Amylose 

(b) Amylopectin 

(c) Cellulose 

(d) Glycogen 


To find the p/ of an acidic amino acid:| 

(a) find the average of the two lowest pK; values 
(b) find the average of the two highest pK; values 
(c) find the average of all pX values 

(d) use the value of the pKa of the side chain. 


Which of the following techniques can synthesize a single enantiomer of an amino acid? 
(a) Hell-Volhard-Zelinskii reaction 

(b) reductive amination 

(c) amidomalonate synthesis 

(d) hydrogenation of a Z enamido acid 
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8, The purple product that results from the reaction of ninhydrin with an amino acid contains 
which group of the amino acid? 
(a) theamino group 
(b) the amino nitrogen 
(c) the carboxylic acid group 
(d) the side chain 


9. Which of the following reagents is not used in peptide synthesis? 
(a) Phenylthiohydantoin 
(b) Di-tert-butyl dicarbonate 
(c) Benzyl alcohol 
(d) Dicyclohexylcarbodiimide 


10. Which structural element is not present in myoglobin? 
(a) aprosthetic group 
(b) regions of a-helix 
(c) hydrophobic regions 
(d) quaternary structure 
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Chapter Outline 


1. Esters (Sections 27.1-27.3). 
A. Waxes, fats and oils (Section 27.1). 


1. 


Waxes are esters of long-chain carboxylic acids with long-chain alcohols. 


2. Fats and oils are triacylglycerols. 


a. Hydrolysis of a fat yields glycerol and threc fatty acids. 
b. The fatty acids need not be the same. 


3. Fatty acids, 


а. Fatty acids are even-numbered. unbranched long-chain (Ci2-C»0) carboxylic 
acids. 

b. The most abundant saturated fatty acids are palmitic (Cie) and stearic (Cis) acids. 

с. The most abundant unsaturated fatty acids are oleic and linoleic acids (both Cis). 
i. Linoleic and arachidonic acids are polyunsaturated fatty acids. 

d. Unsaturated fatty acids are lower-melting than saturated fatty acids because the 
double bonds keep molecules from packing closely. 

e. The C=C bonds can be catalytically hydrogcnated to produce higher-melting fats. 
i. Occasionally, cis—trans bond isomerization takes place. 


B. Soap (Section 27.2). 


Soap is a mixture of the sodium and potassium salts of fatty acids produccd by 

hydrolysis (saponification) of animal fat. 

Soap acts as a cleanser because the two ends of a soap molecule are different. 

а. The hydrophilic carboxylate end dissolves in water. 

b. The hydrophobic hydrocarbon tails solubilize greasy dirt. 

c. In water, the hydrocarbon tails aggregate into spherical clusters (micelles), in 
which greasy dirt can accumulate їп the interior. 

Soaps can form scum when a fatty acid anion encounters Mg” or Ca?* cations. 

a. This problem is circumvented by detergents, which don't form insoluble metal 
salts. 


C. Phospholipids (Section 27.3). 


1. 


Glycerophospholipids. 
a. Glycerophospholipids consist of glycerol, two fatty acids (at C1 and C2 of 
glycerol), and a phosphate group bonded to an amino alcohol at C3 of glycerol. 


2. Sphingomyelins. 


a. Sphingomyelins have sphingosine or a related dihydroxyamine as their backbone. 
b. They are abundant in brain and nerve tissue. 


3. Phospholipids comprise the major lipids in cell membranes. 


a. The phospholipid molecules are organized into a lipid bilayer, which has polar 
groups on the inside and outside, and nonpolar tails in the middle. 
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ll. Prostaglandins and other eicosanoids (Section 27.4). 
A. Prostaglandins. 
1. Prostaglandins arc C20 lipids that contain a Cs ring and two side chains. 
2. Prostaglandins are present in small amounts in all body tissucs and fluids. 
3. Prostaglandins have many effects: thcy lower blood pressure, affect blood platelet 
aggregation, affect kidney function and stimulate uterine contractions. 
B. Eicosanoids. 
1. Prostaglandins, thromboxanes, and leukotrienes make up the cicosanoid class of 
compounds, 
2. Eicosanoids are named by their ring system, substitution pattern and number of 
double bonds. 
3. Eicosanoids are biosynthesized from arachidonic acid, which is synthesized from 
linoleic acid. 
a. The transformation from arachidonic acid is catalyzed by the cyclooxygenase 
(COX) enzyme. 
b. One form of the COX enzyme catalyzes the usual functions, and a second form 
produces additional prostaglandin as a result of inflammation. 
Ш. Terpenoids (Section 27.5). 
А. Facts about terpenoids. 
j. Terpenoids occur as essential oils in lipid extractions of plants. 
2. Terpenoids are smail organic molecules with diverse structures. 
3. All terpenoids arc structurally related. 
a. Terpenoids arise from head-to-tail bonding of isopentenyl diphosphate units. 
b. Carbon } is the head, and carbon 4 is the tail. 
4. Terpenoids arc classified by the number of five-carbon multipies they contain. 
a. Monoterpenoids are synthesized from two five-carbon units. 
b. Sesquiterpenoids are synthesized from three five-carbon units. 
c. Larger terpenoids occur in both animals and plants. 
B. Biosynthesis of terpenoids. 
1. Nature uses the isoprene equivalent isopentenyl diphosphate (IPP) to synthesize 
terpenoids. 
a. IPP is biosynthesized by two routes that depend on the organism and the structurc 
of the terpenoid. 
i. The mevalonate pathway produces scsquiterpenoids and triterpenoids in most 
animals and plants. 
ii. The 1-deoxyxylulose 5-phosphate pathway gives monoterpenoids, 
diterpenoids, and tetraterpenoids. 
2. The mevalonate pathway, 
a. Acetyl CoA undergoes Claisen condensation to form acetoacetyl CoA, 
b. Another acetyl CoA undergoes an aldol-like addition to acetoacetyl CoA to give 
(38)-3-hydroxy-3-methyiglutaryl CoA (HMG-CoA). 
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c. HMG CoA is reduced by NADPH, yielding (R)-mevalonate. 
d. Phosphorylation and decarboxylation convert (R)-mevalonate to ІРР. 
3. Conversion of IPP to terpenoids. 

а. IPP is isomerized to dimethylailyl diphosphate (DMAPP) by a carbocation 
pathway. 

b. The C=C bond of IPP displaces the PPO” group of dimethallyl diphosphate, to 
form geranyl diphosphate (GPP), the precursor to all monoterpenoids. 

c. Gerany] diphosphate reacts with IPP to yield farnesyl diphosphate (FPP), the 
precursor to sesquiterpenoids. 

d. GPP is isomerized and cyclizes on the way to yielding many monoterpenoids. 


IV. Steroids (Sections 27.6—27.7). 


А. 


Steroids are derived from the triterpenoid lanosterol. 


1. Steroids have a tetracyclic fused ring system, whose rings are designated A, B, C, and 
D. 


2. The three six-membered rings adopt chair geometry and do not undergo ring-flips. 


. Stercochemistry of steroids (Section 27.6). 


1. Two cyclohexane rings can be joined either cis or trans. 
a. Ina trans-fused ring, the groups at the ring junction are trans. 
b. in cis-fused rings, the groups at the ring junction are cis. 
c. Cisring fusions usually occur between rings А and B. 
2. In both kinds of ring fusions, the angular methyl groups usually protrude above the 
rings. 
3. Steroids with А-В trans fusions are more common. 
4. Substituents can be either axial or equatorial. 
a. Equatorial substituents are more favorable for steric reasons. 
Types of steroid hormones. 
1. Sex hormones. 
a. Androgens (testosterone, androsterone) are male sex hormones. 
b. Estrogens (estrone, estradiol) and progestins are female sex hormones. 
2. Adrenocortical hormones. 
a. Mineralocorticoids (aldosterone) regulate cellular Na* and K* balancc. 
b. Glucocorticoids (hydrocortisone) regulate glucose metabolism and control 
inflammation. 
3. Synthetic steroids. 
a. Oral contraceptives and anabolic steroids are examples of synthetic steroids. 


. Biosynthesis of steroids (Section 27.7). 


1. All steroids are biosynthesized from lanosterol. 


2. Lanosterol is formed from squalene, which is the product of dimerization of farnesyl 
diphosphate (FPP). 
3. Squalene is first epoxidized to form 2,3-oxidosqualene. 
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4. Nine additional steps are needed to form lanosterol. 

a. The first several steps are cyclization reactions. 

b. The last steps are hydride and methyl shifts involving carbocations. 
5. Other enzymes convert lanosterol to cholesterol. 
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Solutions to Problems 


27.1 
7 | 
CH3(CH2)480, Carnauba was 
from Cag acid — O(CH5)31CHs 
from C45 alcohol 
27.2 
i 
CH5OC(CH5) 1 аСНз CH45OC(CH3);CH = снісн) СНз (cis) 
| i 
CHOC(CH2)44CH4 CHOC(CH5); CH = CH(CH5)5 СНА (cis) 
il 1 
CH5OC(CH»),4CH3 CH5OC(CH3);CH = CH(CHo);CHa (сік) 
Glyceryl tripalmitate Glycers Ltrioteute 
Glyceryl tripalmitate is higher melting because tt is saturated. 
27.3 5 
D | 
CH4(CH3);CH — CH(CH2)CO" Mg?* "OC(CH3);CH = CH(CH3); CH4 
Magnesium oleate 
The double bonds are cis. 
274 
1 
CH5OC(CH5)414CH3 CH20H Na* "OC(CHa)4 4CH4 
О Sodium palmitate 
! NaOH 
CHOC(CH5);CH — CH(CH2); CH; uo HOH + С 
е d 2 Na* 'OC(CH3);CH =CH(CHa}7CH, 
CH30C(CH3);CH = CH(CH5) ;CH4 CH5OH Sodium oleate cis 
Glyceryl dioleate mono- Glycerol 


palmitate (cis double bounds) 
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Prostaglandin E; 


27.6 The pro-$ hydrogen (bluc) ends up cis to the methyl group, and the pro-A hydrogen (red) 
ends up trans. 


Р pro-S T 
О нс O—H "uc 
Lor Uu US" CHOPP ame НО 2С. CHSOPP 
"ONE a | их 
pro-R —H HH Н pro-R ж Н H H 
рғо-% 


27.7  Asdescribed in Worked Example 27.1, draw the diphosphate precursor so that it 
resembles the product. Often, the precursor is linalyl diphosphate, which results from 
isomerization of geranyl diphosphate (the mechanism is shown in Figure 27.10). In (a), 
it's not easy to see the relationship, but once уоц’ус arrived at the product, rotate the 
structure. 


(a) 


CR E a - 


er 


o-Pinenc 


Linalyl 
diphosphate 
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(b) 


»-Bisabolene 


Both ring systems are trans-fused, and both hydrogens at the ring junctions are axial. 
Refer back to Chapter 4 if you have trouble remembcring the relationships of substituents 


on a cyclohexane ring. 


(а) Ha 
H 

(b) 
МН 
H Cha 


equatortal 
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27.9 Draw the three-dimensional structure and note the relationship of the hydroxyl group to 
groups whose orientation is known. 


сон 


Lithocholic acid 
OH -— equatorial 


27.10 


Сна 
2 


HO t a 
DANT Lanosterol 
H3C CH3 
Lanosterol Cholesic ret 
1. Two methyl groups at C4. Two hydrogens at C4. 
One methyl group at C14. Опе hydrogen at C14. 


C5-C6 single bond. 
C8-C9 double bond. 


Double bond in side chain 


C5-C6 double bond. 
C8-C9 single bond. 


Saturated side chain. 


чож ә ы 
Wop we Mc 
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Visualizing Chemistry 


27.11 


OH -— equatorial Cholic acid 


Cholic acid is an А-В cis steroid because the groups at the fusion of ring А and ring B 
have a cis relationship. 


27.12 


22 


Helminthogermacrene 


Draw farnesyl diphosphate in the configuration that resembles the product, then draw its 
allylic isomer (the mechanism for the formation of the isomer is shown in Problem 27.7). 
In this reaction, a cyclization, followed by loss of a proton to form the double bond, gives 
helminthogermacrene. 


27.13 


COH 


Linoleic acid 


EN 


A polyunsaturated fat such as linoleic acid is more likely to Бе found in peanut oil. 
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Mechanism Problems 


27.14 


H4C 
HaC nnd 


| + ‘OPP 
| нас” 


Hat 
AN 
НАС ne EN а 


CarvephiyiHlene 


Draw farnesy! diphosphate in the correct orientation in order to make this problem much 
easier. Internal displacement of -OPP by the electrons of one double bond is followed by 
attack of the electrons of the second double bond on the resulting carbocation. Loss of a 
proton from the carbon next to the resulting carbocation produces the double bond. 


27.15 
+) 
ноо н 


y- Lonone | 


"S 


В-Іопопе 
+ H40* 


Acid protonates а double bond, and the electrons of a second double bond attack the 
carbocation. Deprotonation yields f-ionone. 
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27.16 


Isoborneol 


Сатрһеле 


Step 1: X Protonation. Step2: Loss of water. 
Step 3: — Carbocation rearrangement. Step4: Loss of proton. 


The key step is the carbocation rearrangement, which occurs by the migration of one of 
the ring bonds. 


Additional Problems 
Fats, Oils, and Related Lipids 


27.17 
COH 


Eicosa-5.8.] F.14,17-pentaenoic acid 
(all cis) 
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27.18 
|! | 
CH5OCICH)5CHa CH5OC(CH5)45CHa 
i f 
* СНОС(ОН») 1 6СНз or CHOC(CH3);CH m CH(CH2)7CHa 
О | (Cis) 
| f 
CH20C(CH;);CH = CH(CH5)7CH4 CH5OC(CH2)4sCH4 
(cis) 
optically active $, ОН, H2O optically inactive 
2. H30* 
©нрОн 9 
CHOH + HOC(CHs)7CH=CH(CHy)7CHg (cis) + 2 HOC(CH9)4eCHs 
CH;OH Olcic acid Stearic acid 
Four different groups are bonded to the central glycerol carbon atom in the optically 
active fat. 
27.19 
и 
CHa(CH2)44C, Cetyi palmitate 
OCHa(CH3)44CH3 
27.20 


[| 
|} Е 
снос(Сн»);СНн —CH(CH5);CH4 (cis) 
f 
CH;OC(CH2);CH-- CH(CH);CHg (cis) 


Glycery] trioleate 


(a) 
CH2O0C(CH95)2 CH(Br)CH(Br)(CH2) ;CHa4 
Glyceryl Bro li 
trioleate CHoCl CHOC(CH2);CH(Br)CH(B0(CH5)7CH4 


CH5OC(CH5);CH(Br)CH(Bn)(CH2);CHs 
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(b) © 
CH3OC(CH5),gCH3 
о 
Glyceryl H,/Pd H 
trioleate CHOC(CH2), gCHa 


i 
CH2OCI(CH5)4 СНз 


(c) CHOH 
Glyceryl МӘН CHOH + 8 Ма’ "ОСЕСН)уСН =СН(СН)уСНаз 
trioleate H20 Í еге 2 
СНОН 
(@ i й 
CH5OC(CH3);CH 
Д T 
"Iveer 1.0 
a сон” GHOCCHj,CH + 8 HC(CHj;CHs 
idi ‚ П. urge a О 9 
I | 
CH4OC(CH3);CH 
(e) ОВО 
Glyceryl 1. ШАНА РЕ 
еше лс С CHOH + з HOCH (CHa)7CH™=CH(CHp)7CH, 
CH20H 
(f) а СНз 
Яуссгу 1. CHa3MgBr 
Wis үре онон + з HOQOHgjCH - CH[CH jJ; OH; 
di CHOH CHa 
27.21 
CH,(CH,) CH-CH(CH,).CO,H (cis) 
Oleic Acid 
vu СНОН 
(а) Oleic acid 3 CH3(CH»)}7CH =CH(CH>}7CO2CHG 
| Methyl oleate 
(b) Ho/Pd 
Methyl oleate ===  CHa4(CH2)45CO2CHs 
from (a) Methyl stearate 
О 
(с) Oleic acid 3 


CH4(CH5);:CHO + OHC(CHp)7COH 


ре 
2. £n. СНЗСОгН Nonanal 9-Oxononanoic acid 
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(d) qr CrO4 
9-Oxononanoic acid — = HOS5C(CH2)7COs5H 
from (c) H30 Nonanedioic acid 
(c) ЕС Bro eer 
Oleic ackl = ————9 — CHa(CH3);CH(Br)CH(BDn(CH5);CO5H 
сне? 1. 3 NaNHp, NH 


2. но“ 


CH4(CH3);C = C(CH3)4CO;H 
Stearalic acid 


Three equivalents of the base are needed because one of them is neutralized by 
the carboxylic acid. 


(f j rd 


; | Ho: Pd А Bro, PBra 
Oleic acid — > CH4(CH5)45CH5CO5H —- CH4(CH5)4 5CHCOSH 
Stearic acid 22 2-Bromostearic acid 
(g) 1. Na* ОСН 
2 CH4(CH5)4 5C O5 CH4 DN QE PD аеннан OH) iS Hs + HOCH, 
trom (b) 3 CO CH3 
H30O*, heat 


CH3(CHo)16CCH2(CHo)5CH3 + COs + HOCH, 
18-Pentatriacontanone 


This synthesis uses a Claisen condensation, followed by a f-keto ester 
decarboxylation. 


27.22 Fats and plasmalogens are both esters of a glycerol molecule that has carboxylic acid 
ester groups at C2 and C3. The third group bonded to glycerol, however, differs with the 
type of lipid: a fat has a carboxylic acid ester at Cl, and a plasmalogen has a vinyl ether 
in that location. 
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27.23 
п 0 Г 
CHOH + носа" CH OCR" CHOH + Na* “OCR” 
О О О 
| њо" | | NaOH „d 
CHOH + HOCR' «——— CHOCR' — = СНОН * Nat OCR 
HzO 
0 
CHOH + HCCH;R CH3OCH—CHR CH OCH=CHR 


Basic hydrolysis cleaves the carboxylic acid ester bonds but doesn’t affect the ether bond. 
Acidic hydrolysis cleaves all three groups bonded to glycerol and produces an aldehyde 
from the vinyl ether group. 


27.24 
n OH 
RC - ОСН» CHO Ся" 3 НОСН»СНСНЬОН 
С ү +2 Na4PO,4 
R'C = OCH CHO $ ся О 
t 


О 
NaOH |] 


| Н — = + RCO Nat + ЯСО Nat 
CHO Р $OCH:CHCH,O EP $0CH, H20 9 
о OH о + R'CO^ Ма* + R"CO Ма? 
а cardiolipin 


Saponification of a cardiolipin yields 4 different carboxylates, 3 equivalents of glycerol 
and two equivalents of phosphate. 


27.25 

1. Оз 
———— Bre 
2. Zn, СНзСООН 


Stearolie acid Nonanoic acid Nonanedioic acid 


CH3(CH>)7C= C(CH3),CO;H CH3(CHs)7CO2H + НО>С(СНЫ)7СО2Н 


Stearolic acid contains a triple bond because the products of ozonolysis are carboxylic 
acids. 
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27.26 
= Мамн ^ oe = 
CHa(CHaj,C E CH | — —*- ,CHalCH9);C С: Ма" | + МН 
NH,” MA 


| Ut CHa(CH5)sCH, — Cl 


MÁS 


NaCN 
CHg(CH3); C5: C(CHa)gCHoCN -———- CH4(CHa); E C(CHg) C H5 — CI 


| H40* 
E Г. rather than CI, is displaced 
CHa(CHa}70 = C(CHa)gCHaCO2H by acetylide because iodide is a 
Stearolic acid better leaving group than chloride, 


Terpenoids and Steroids 


27.27—27.29 


Remember that a compound with и chirality centers can have a maximum of 2" 


959 


stercoisomers. Not all the possible stereoisomers of these compounds are found т nature 


or can be synthesized. Some stereoisomers have highly strained ring fusions; others 
contain 1,3-diaxial interactions. 


(a) (b) GHe 
HaC OH 
Guaiol Sabinene 
(8 possible stereoisomers) (4 possible stereoisomers) 


OPP 
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б) "з 


H3C CH; 


Cedrene 


(16 possible stereoisomers) 


PPO 


If carbon 1 of each diphosphate were isotopically labeled, the labels would appear at the 
circled positions of the terpenoids. 


27.30 
© | о 
О 
i C |] || 
C CoAS < * "CH C C 
CoAS * “Сна 3 æ содз” “СНУ “Он +  HSCoA 
f 
Н20 С 
| Нас = ~SCoA 
H О 
f] но он 2 NADPH/H* ү нас, он Т 
С СНОН С C. + HSCoA 
O~* “сні * “сні + “07 * Хен * ТОНУ *^SCoA 
(R)-Mevalonate + SCoA 
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27.34 First, mevalonate 5-diphosphate is converted to isopentenyl diphosphate (IPP) and 
dimethally! diphosphate (DMAPP). 


q нс, OH CHs IPP 
С С. CHOPP — С CHOPP + CO 
(s br OH == Hc ен; + 2 n 


IPP is isomerized to DMAPP. 
р б 
С CHOPP ——- С CHOPP | DMAPP 
нос? сн; * ° lio ed ^ 


МАРР and ІРР couple to give gcranyl diphosphate (GPP). 


DW Wm EN 
* * OPP 22. E] OPP Cu * Cu 


* "oPP 


А second molecule of IPP adds to GPP to give farnesyl diphosphate, the precursor to ee 


cadimene. 
к РИИ > * * “OPP 7} 


ENS Xu ENS 


* * * * * * 


961 


ОРР 


Notice that the С labels are located at two different positions: (1) at the carbon to which 


—OPP was bonded; (2) at the carbon bonded to the methyl group. 


Now, arrange farnesyl diphosphate to resemble the skeleton of a-cadinene. The first step 


in the reaction sequence is formation of the allylic isomer of FPP; the mechanism was 


shown in Problem 27.7. 
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H3C 


c-Cadinol 


27,32 Farnesyl diphosphate (from the previous problem) dimerizes to form squalene. 


2 
Мыл NS ee OPP Farnesy! diphosphate 


XR La :osterol 
à 
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General Problems 
27.34 
die. 
IN + ы 2. 
РР ылыгы а ОРР 
Farnesy! diphosphate isopentenyl diphosphate 
derer ce + “OPP 
Ху. у. 
< x OPP 


Geranylgerany] diphosphate 


The precursor to flexibilene is formed from the reaction of farnesyl diphosphate and 
isopentenyl] diphosphate. 


FORE 


Flexibilene 


The precursor cyclizes by the now-familiar mechanism to produce flexibilene. 


27.35 


N Dihydrocarvone п 


The two hydrocarbon substituents are equatorial in the most stable chair conformation. 
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27,36 
нс H H 


A CHa (C) 


e 
3C € | uoto 


Menthol 


All ring substituents are equatorial in the most stable conformation of menthol. 


1 
ОБ 
СНз 
1 equiv. 
н OH OCCH 
€ : Z (CH4COlO s 2 = vts 
OH H H 


As always, use the stereochemistry of the groups at the ring junction to label the other 
substituents as equatorial or axial and then esterify the appropriate -OH group. 


27.37 


27.38 


Linaly] 


diphosphate 


Isoborneo! 


The initia] addition is followed by a carbocation rearrangement to produce a secondary 
carbocation, which reacts with water to yield the secondary alcohol. 
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27.39 


axial 


} 


HO 


equatorialasial 


Digiloxigenin 


The hydroxyl group in ring A is axial, and the hydroxyl group at the ring C-D fusion is 
equatorial to ring C and axial to ring D. Notice that digitoxigenin has both an А-В cis 
ring fusion and a C-D cis ring fusion. 


27.40 
OH 


| 
CHCH =CHCH,OH 


2 H,0° 


Lithium aluminum hydride reduces the lactone ring to a diol. Periodinane oxidizes only 
one hydroxyl group because the second group is tertiary. 
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27.41 
CH3(CH2)4CH3 ^ CHa(CHa)gCO2H CH3(CH»)sCHO 
` 
е о РЕ Heptanal 
ü pa 2. Zn. CH.COoH А 
Уасселіс acid OHC(CH)gCO2H 
LI-Oxoundecanoie acid 
СН ‘ d qn: i sy 
| cde, CHa(CH2)4CHa СНЫСН2)8СО>Н — (and enautiomer) 
Zn/Cu Ha бес Н 
„бы Lactobacillte acid 
H H 
27.42 
H H H 
| | | 
Сы _ „С C H 
CHgCHaCH9CHa ^ “07 Ус” 07 


H н  CHaCH4gCO2H 


(OZ JEEASE)-9.EE.13-Octadecatrienvic acid 
(Eleostearic acid) 
1.03 
2. Zn. CH3CO5H 
CH4CH9CH5CHSCHO + ОНС CHO + OHC— CHO + OHCI(CH3);CO;H 
The stereochemistry of the double bonds can't be determined from the information given. 


27.43 This mechanism also appears in Problem 27.32 


uam S 
Pee eee. ОРР 


(OPP 
Farnesyl diphosphate Isopenteny! diphosphate 
1 
+ “opp | 
ENS Su us 9 
OPP  GGDP 
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сн; | OH 
BEN 


HO HaC 
Estradiol Diethylstilbestrol 


27.44 


Estradiol and diethylstilbestrol resemble each other in having similar carbon skeletons, in 
having a phenolic ring, and in being diols. 


27.45 


| 
E CCH2CH3 
1. NaH CH4CH5COQCI 
2. CHBr © АС 
HO CH4O CH30 
1. NaBHy 
| 2. НЗО* 
yaer | $ 
CHCH5CHs CHCH3CH; CHCH;CHs 
2 Mg РВгз ДУ 
-—*— — — —— 
CH30 CHO CH4O 
4 OCH4 : 
Os NN, 
Снгсн» 
Осн» 
pw d 
М 
C "e? HI 
CH3O HO ЖЕ 


Diethylstilbestrol 


The key reaction is a Grignard reaction between two molecules that are both synthesized 
from phenol, Phenol is first converted to anisole, in order to avoid problems with acidic 
hydrogens interfering with the Grignard reaction. Next, anisole undergoes Friedel-Crafts 
acylation with propanoyl chloride.The resulting ketone is one of the Grignard 
components. The other component is prepared by reduction, bromination and treatment 
with magnesium of a quantity of the ketone. After the Grignard reaction, HI serves to 
both dehydrate the alcohol and cleave the methyl ether groups. 
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27.46 
(а) 
р 1. Ман 
Estradiol ——- 
2. СНз] 
(b) 
a А CH4COCI 
Fstradiol ——— 
pyridine 
(c) 
е Bro 
Estradiol —> 
Еейг» 
(4) 
Estradiol Periodinane 
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27.47 


2 Zn. СНаСО2Н SAN 


$ 
Cembrene 


1 equiv Но 


Dihydrocembrene 


One equivalent of Hz hydrogenates the least substituted double bond. Dihydrocembrene 
has no ultraviolet absorption because it is not conjugated. 


27.48 


| | 
Oa “HO бо: He 
[0]: h 
—— : —— -— — 


a-Fenchone 


The mechanism follows the usual path: cyclization of linalyl diphosphate, followed by 
attack of the z electrons of the second double bond, produces an intermediate 
catbocation. A carbocation rearrangement occurs, and the resulting carbocation reacts 
with water to form an alcohol that is oxidized to give a-fenchone. 
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27.49 
o: 0: ў 
П | БЕ | 
Сн —$ — Protein —— | o а | 
i Г. : 
| О : ОТИ | 
х=; —5— { um 
"E $ — Protein | 02070 
026 р 
T ^s 
| 0: О + COs 70:; 0 
| Í |] НН 
‘ CH4C =CHC —$ — Protein Rz" DES CH3C тее —S— Protein 
gus l^ 
С 
А : 
HA ja О ns 75 —Protein ~ 
о о 
TT 
CH4CCH54C — S — Protein 
3-Ketobutyryl-protein 
Step 1: — Attack of malonyl-protein anion on acetyl-protein (Claisen condensation). 
Step 2: 1055 of S- protein. 
Step3: — Decarboxylation. 
Step 4: Protonation and tautomerization. 
27.50 


In this series of steps, dissociation of diphosphate ion allows bond isomerization to take 
place, making it possible for ring formation to occur. This mechanism is very similar to 
the mechanism shown in Figure 27.10. 
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Trichodiene 


A hydride shift, two methyl shifts, and loss of H* yield trichodiene. 
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Chapter Outline 


1. Nucleic acids (Sections 28.1—28.2). 
À. Nucleotides (Section 28.1). 
1. Nucleotides are composed of a heterocyclic purine or pyrimidine base, an 
aldopentose, and a phosphate group. 
a. In RNA, the purines are adenine and guanine, the pyrimidines are uracil and 
cytosine, and the sugar is ribose. 
b. In DNA, thymine replaces uracil, and the sugar is 2'-deoxyribose. 
2. Positions on the base receive non-prime superscripts, and positions on the sugar 
receive prime superscripts. 
3. The heterocyclic base is bonded to C1! of the sugar. 
4. DNA is vastly larger than RNA and is found in the сей nucleus. 
B. Nucleic acids. 
1. Nucleic acids are composed of nucleotides connected by a phosphodiester bond 
between the 5' ester of one nucleotide and the 3' hydroxyl group of another. 
a. One end of the nucleic acid polymer has a free hydroxyl group and is called the 3' 
end. 
b. The other end has a free phosphate group and is called the 5' end. 
The structure of a nucleic acid depends on the order of bases. 
3. The sequence of bases is described by starting at the 5' end and listing the bases by 
their one-letter abbreviations in order of occurrence. 
C. Base-pairing in DNA (Section 28.2). 
1. ОМА consists of two polynucleotide strands coiled in a double helix. 
a. Adenine and thymine hydrogen-bond with each other, and cytosine and guanine 
hydrogen-bond with each other. 
2. Because the two DNA strands are complementary, the amount of A equals the 
amount of T, and the amount of C equals the amount of G. 
3. The double helix is 20 A wide, there are 10 bases in each turn, and each turn is 34 А 
in height. 
4. The double helix has a major groove and a minor groove into which polycyclic 
aromatic molecules can intercalate. 
О. The “central dogma” of molecular genetics. 
1. The function of DNA is to store genetic information and to pass it on to RNA, which, 
in turn, uses it to make proteins. 
2. Replication, transcription and translation are the thrce processes that are responsible 
for carrying out the centra! dogma. 
П. The transfer of genetic information (Sections 28.3—28.5). 
А. Replication of DNA (Section 28.3). 
1. Replication is the enzyme-catalyzed process whereby DNA makes a copy of itself. 
2. Replication is semiconservative: each new strand of DNA consists of one old strand 
and one newly synthesized strand. 


w 
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3. How replication occurs: 


a. 


The DNA helix partially unwinds. 

L This process is catalyzed by the enzyme helicase. 

New nucleotides form base pairs with their complementary partners. 

Formation of new bonds is catalyzed by DNA polvmerase and takes place in the 

5' — 3' direction. 

1. Bond formation occurs by attack of the 3' hydroxyl group on the 5' 
triphosphate. with loss of a diphosphate leaving group. 

Both new chains are synthesized in the 5' — 3' direction. 

1. One chain is synthesized continuously (the leading strand). 

и. The other strand is syathesized in small pieces, which are later joined by DNA 
ligase enzymes (the lagging strand). 


B. Transcription – synthesis of RNA (Section 28.4). 
]. There are 3 main types of RNA: 


а. 


b. 


d. 
DNA contains "promoter sites", which indicate where mRNA synthesis is to begin, 


ә 


Messenger RNA (mRNA) carrics genetic information to ribosomes when protein 
synthesis takes place. 

Ribosomal RNA (rRNA), complexed with protein, comprises the physical 
makeup of the ribosomes. 

Transfer RNA (tRNA) brings amino acids to the ribosomes, where they arc joined 
to make proteins. 

There are also smal! RNAs, which carry out a variety of cellular functions. 


and base sequences that indicate where mRNA synthesis stops. 


a. 


RNA polymerase binds to the promoter sequence. 


3. mRNA is synthesized in the nucleus by transcription of DNA. 


a. 


b. 
с. 
d 
e 


The DNA partially unwinds, forming a "bubble", 

Ribonucleotides form base pairs with their complementary DNA bases. 
Bond formation occurs in the 5' — 3' direction. 

Only one strand of DNA (the antisense, or noncoding, strand) is transcribed. 
Thus, the synthesized mRNA is a copy of the sense (coding) strand with U 
replacing T. 


4. Synthesis of mRNA is not necessarily continuous. 


a. 


b. 


Often, synthesis begins in a region of DNA called an exon and is interrupted bv a 
seemingly noncoding region of DNA called an intron. 

In the final mRNA, the noncodiny sections have been removed and the remaining 
ріссеѕ have been spliced togcther by specific enzymes. 


C. Translation (Section 28.5). 
1. Translation is the process in which proteins are synthesized at the ribosomes by using 
mRNA as a template. 
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tJ 


tpa 


4. 


5; 


The message delivered by mRNA is contained in “codons” — 3-base groupings that 

are specific for an amino acid. 

а. Amino acids are coded by 61 of the possible 64 codons. 

b. The other 3 codons are “stop” codons. 

Each tRNA is responsible for bringing an amino acid to the growing protein chain. 

а. AtRNA has a cloverleaf-shaped secondary structure and consists of 70—100 
ribonucleotides. 

b. Each tRNA contains an anticodon complementary to the mRNA codon. 

The protein chain is synthesized by enzyme-catalyzed peptide bond formation. 

А 3-base "stop" codon on mRNA signals when synthesis is complete. 


Ш. DNA technology (Sections 28.6-28.8). 
A. DNA sequencing (Section 28.6). 


ie 


E 


Before sequencing, the DNA chain is cleaved at specific sites by restriction 
endonucleases. 


а. The restriction endonuclease recognizes both a sequence on the sense strand and 
its complement on the antisense strand. 


b. The DNA strand is cleaved by several different restriction endonucleases, ta 
produce fragments that overlap those from a different cleavage. 


Maxam-Gilbert DNA sequencing. 
a. This method uses chemical techniques. 
Sanger dideoxy DNA sequencing. 
à. The following mixture is assembled: 
i. Therestriction fragment to be sequenced. 


ii. А primer (a small piece of DNA whose sequence is complementary to that on 
the 3' end of thc fragment). 


їп. The 4 DNA nucleoside triphosphates. 
iv. Small amounts of the four dideoxynucleotide triphosphates, each of which is 
labeled with a different fluorescent dye. 


b. ОМА polymerase is added to the mixture, and a strand begins to grow from the 
end of the primer. 


c. Whenever а dideoxynuctcotide is incorporated, chain growth stops. 
When reaction is complete, the fragments are separated by gel electrophoresis. 


€. Because fragments of all possible lengths are represented, the sequence can be 
read by noting the color of fluorescence of each fragment. 


B. DNA synthesis (Section 28.7). 


I. 
2. 


DNA synthesis is based on principles similar to those for peptide synthesis. 
The following steps are needed: 
a. The nucleosides are protected and bound to a silica support. 

i. Adenine and cytosine bases are protected by benzoyl groups. 

ii. Guanine is protected by an isobutyryl group. 

iii. Thymine isn't protected. 

iv. The 5' -OH group is protected as a DMT ether. 
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The DMT group is removed. 

с. The polymer-bound nucleoside ts coupled with a protected nucleoside 
containing a phosphoramidite group. 
i One of the phosphoramidite oxygens is protected as a fi-cyano cther. 
ii. Tetrazole catalyzes the coupling. 

d. The phosphite is oxidized to a phosphate with Г. 

e. Steps b—d are repeated until the desired chain is synthesized. 

f. All protecting groups are removed and the bond to the support is cleaved by 
treatment with aqueous ammonia. 


С. The polymerase chain reaction (Section 28.8). 


1, 


2 


The polymerase chain reaction (PCR) can produce vast quantities of a DNA 
fragment. 
The key to PCR is Tag DNA polymerase, a heat-stable enzyme. 
a. Newer heat-stable DNA polymerase enzymes have become available. 
Steps in PCR: 
a. The following mixture is heated to 95 °C (a temperature at which DNA becomes 
single-stranded); 
i. Tag polymerase. 
ii. Mg” ion. 
iii, The 4 deoxynucleotide triphosphates. 
iv. A large excess of two oligonucleotide primers, each of which is 
complementary to the ends of the fragment to be synthesized. 
b. The temperaturc is lowered to 37 °С — 50 °С, causing the primers to 
hydrogenbond to the single-stranded DNA. 
с. After raising the temperature to 72 °C, Tag catalyzes the addition of further 
nucleotides, yielding two copies of the original DNA. 
d. The process is repeated until the desired quantity of DNA is produced. 
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Solutions to Problems 


= 7 2-Deoxyudenosine S-phosphate (А) 
i 

wur 
oH: 
mum 2-Deoxyguanasine 3 phosphate iG) 


A end он 


28.2 


5 end 


O 
c H 
| N^ 
и | A Uridine 5'-phosphate iU? 
о 


Adenosine S-phosphate {А} 
X end OH OH 


28.3 DNA (5' end) GGCTAATCCGT (3' end) is complementary to 
ОМА (3' end) CCGATTAGGCA (5' end) 
Remember that the complementary strand has the 3‘ end on the left and the 5' end on the 
right. 
The complementary sequence can also be written as: 


DNA (5' end) ACGGATTAGCC (3' end). Be sure that you know which format is being 
used (3' to 5', or 5' to 3’). 
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28.4 


О ----- H—N N 


4 | 
Ural] // AEE . ae N. Adenine 
М H 


“ 


H О 


28.5 DNA(S5'end)GATTACCGTA  (3'end) is complementary to 
RNA (3 end) CUAAUGGCAU (5' end) 


28.6 RNA(S'end UUCGCAGAGU (3' end) 
DNA (3' end) AAGCGTCTCA (5' end) antisense (noncoding) strand 


28.7-28.8 Several different codons can code for the same amino acid (Table 28.1). The 
corresponding anticodon follows the slash mark after each codon. The mRNA 
codons are written with the 5' end on the left and the 3' end on the right, and the 
tRNA anticodons have the 3' end on the left and the 5' end on the right. 


Amino acid: Ala Phe Leu Tyt 
Codon sequence/ GCU/CGA |. UUU/AAA UUA/AAU UAU/AUA 
{RNA anticodon: GCC/CGG | UUC/AAG UUG/AAC UAC/AUG 


GCA/CGU CUU/GAA 
GCG/CGC CUC/GAG 
CUA/GAU 
CUG/GAC 
28.9—28.10 
The mRNA base sequence: (S'end)  CUU-AUG-GCU-UGOG-CCC-UAA (3' end) 
The amino acid sequence: Leu—Msct—Ala--—Trp—Pro-(stop) 
The DNA sequence: (3'end) GAA-TAC-CGA-ACC-GGG-ATT(5' end) 


(antisense strand) 
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28.11 | 
OCH OCH, I 


н Ваке] н Bae] 


Cleavage of DMT ethers proceeds by an Sn1 mechanism and is rapid because the DMT 
cation is unusually stable. 


28.12 


t+. 


A ~] 
O=P— OCH -CHON —— О=р-—07 + HôC=CHCN + NH4* 


This is an E2 elimination reaction, which proceeds easily because the hydrogen a to the 
nitrile group is acidic. 


© 2016 Cengage Learning. All Rights Reserved. May nat be scanned, copied or duplicated, ог posted to a publicly accessible website, in whole or in part, 


Biomolecules: Nucleic Acids 979 


Visualizing Chemistry 


(a) О 
М „Н 
Ox | 
d o d 
H H 


Guanine (G) 
DNA 
RNA 


28.13 


(b) Q 


Uracil (U) 
RNA 


© Иа 


Cytosine (С) 
DNA 
RNA 
All three bases are found in RNA, but only guanine and cytosine are found in DNA. 


28.14 


2' 3-Dideoxythymidine 5-phosphate 
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28.15 


Chapter 28 


The triphosphate made from 2',3'-dideoxythymidine 5' phosphate is labeled with а 
fluorescent dye and used in the Sanger method of DNA sequencing. Along with the 
restriction fragment to be sequenced, a DNA primer, and a mixture of the four dNTPs, 
small quantities of the four labeled dideoxyribonucleotide triphosphates are mixed 
together. DNA polymerase is added, and a strand of DNA complementary to the 
restriction fragment is synthesized. Whenever a dideoxyribonucleotide is incorporated 
into the DNA chain, chain growth stops. The fragments are separated by electrophoresis, 
and each terminal dideoxynucleotide can be identified by the color of its fluorescence. By 
identifying these terminal dideoxynucleotides, the sequence of the restriction fragment 
can be read. 


According to the electrostatic potential map, the nitrogen at the 7 position of 9- 
methylguanine is more electron-rich (red) and should be more nucleophilic. Thus 9- 
methylguanine should be the better nucleophile. 


О: NH 
EN 2 
ча "e H ‚ө ak 
ri N МН? л М 
С H3C A 


Hg 


9.Methyl guanine 9-Methy adenine 


Mechanism Problems 


28.16 


This reaction involves addition of a thiol residue of the enzyme to malonic semialdehyde, 
yielding a hemithioacetal (Step 1). Oxidation by NAD* (step 2), followed by nucleophilic 
acyl substitution by CoA (Step 3), gives malonyl CoA. 


Y^ CO, B: > CO; 
АН [^ P 9p" cies 
| AC d ES S-Enz PO Gi 
o^ “н / j О H 
H |. S-Enz 
Malonic i 
semialdehyde -iB К ere 
ds HS-Enz CO» „В 
4 
4-2——— ON Н—$СоА 
D — Re T. 
B ""5CoA EA w^ д 
Malonyl CoA x ( 
H— 
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28.17 The steps: (1) phosphorylation by ATP; (2) cyclization; (3) loss of phosphate; 
(4) tautomerization. 


^ 2 
ADPO—PO4 ” jT 


5-Phospho- 5-Phospho- 
ribose ribose 


Formylglycinamklime 


ribonucleotide 
N 
é | < 
^ 
N 4. 
NH» 


5-Phospho- 


5-Phospho- 
ribose 


5-Phospho- 
ribose 


ribose 


Aminoimidazole 
ribonucleotide 


28.18 The steps: (1) Addition of water; (2) Proton shift; (3) Elimination of NH3. 


ue 


Guanine 


H 

N e 
CL L 
NN 

N н О 

H + NH3 
Xanthine 
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28.19 Both steps are nucleophilic acyl substitutions. 


(a) O20 . "026 PLH? || ОС. 


Д - , HoN Д j^ HoN у 

i ОУ | 

um --H ————» “= 4 + --H eo 2. “en H 
HN нам T O^ ^N 

T 2 Cox EN Же с о 7а | COs 
Mess ОзРО | HH H 

70°} `ОРОз?- “ 


Carbamoyl 
aspartate 


(b) HÉA о 
В N -0 ОРЫ ы \ OH _ 1 
iun — 
н №: М } N Y 
и e 
--H --H &--Н 
o s Е O^ ^N _ of “NT 
H H H 
Dihwdroorotate 
Additional Problems 


28.200 The ОМА that codes for natriuretic peptide (32 amino acids) consists of 99 bases; 3 bases 
code for each of the 32 amino acids in the chain (96 bases), and a 3-base "stop" codon is 
also needed. 


28.21 Position 9: 


Horse amino acid = Gly Human amino acid = Ser 
mRNA codons (5' —> 37; 
GGU GGC GGA GGG UCU UCC UCA UCG AGU AGC 


DNA bases (antisense strand 3' —> 5"): 
CCA CCG CCT CCC AGA AGG AGT AGC TCA TCG 
The under!ined horse DNÀ base triplets differ from their human counterparts (also 


underlined) by only one base. 


Position 30: 
Horse amino acid = Ala Human amino acid = Thr 
mRNA codons (5' ---> 3"): 
GCU GCC GCA GCG ACU ACC ACA ACG 
DNA bases (antisense strand 3' —> 5): 
CGA CGG CGT CGC TGA TGG TGT TGC 
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Each of the above groups of DNA bases from horse insulin has a counterpart in human 
insulin that differs from it by only one base. It is possible that horse insulin DNA differs 
from human insulin DNA by only two bases out of 159! 


28.22 The percent of A always equals the percent of T, since А and T arc complementary. The 


percent G equals the percent C for the same reason. Thus, sea urchin DNÀ contains about 
32% each of A and T, and about 18% each of G and С. 


28.23 Even though the strctch of DNA sbown contains UAA in sequence, protein synthesis 


doesn't stop. The codons are read as 3-base individual units from start to end, and, in this 
mRNA sequence, the unit UAA is read as part of two codons, not as a single codon. 


28.24 Restriction endonucleases cleave DNA base sequences that are palindromes, meaning 


that the sequence reads the same as the complement when both are read in the (5') to (3') 
direction. Thus, the sequence in (c), CTCGAQG is recognized. The sequence in (a), 
СААТТС, is also a palindrome and is recognized by a restriction endonuclease. The 
sequence in (b) is not a palindrome and is not recognized. 


28.25-28.27 


mRNA codon: — (5—3) (a)jAAU (Ы) СА  (c)UCC (Ф САО 


Amino acid: Asn Glu Ser His 
DNA sequence: (3—5) TTA СТС АСС GTA 
tRNA anticodon:  (3—5) UUA CUC AGG GUA 


The DNA sequence of the antisense (noncoding) strand is shown. 
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28.28-28.29 UAC is a codon for tyrosine. It was transcribed from ATG of the antisense strand of 


a ОМА chain. 
mRNA codon DNA 
5' end У end 
SATS yw 
О о 
“O—P=0 yet 


О OH N 
| Pe 


N | 
H^ СНз O=P—O7 
7 он мн 9 
“O—P=0 
| ~N 
с О | о 
| p" Нм N N CH 
СНЫ N^ “о Da S |: 
о N | у 9 G 
HT А 0:=6—07 
3 end 5' end 
28.30 
Tyr Gly Gly Phe Met (stop) is coded by 
UAC GGU GGU UUU AUG UAA 
UAU GGC GGC UUC UAG 
GGA GGA UGA 
GGG GGG 
Atotalof2x 4x 4x2x 1x 3— 194 different mRNA sequences can code for 
metenkephalin! 
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28.31 Angiotensin И: Asp——Arg—— Val — Tyt——-Ile——-His——Pro——Phe (stop) 


mRNA GAU CGU GUU UAU AUU CAU CCU UUU UAA 
sequence: 
(53) САС CGC GUC UAC AUC САС ССС ООС UAG 
CGA GUA AUA CCA UGA 
CGG GUG CCG 
AGA 
AGG 


As in the previous problem, many mRNA sequences (13,824) can code for angiotensin II. 


28.32 DNA coding strand (53: CTT— CGA—CCA— GAC—AGC—TTT 
mRNA (5'->3'): CUU—CGA—CCA—GAC—AGC—UUU 
Amino acid sequence: Leu Arg——Pro——Asp——Ser Phe 


The mRNA sequence is the complement of the DNA noncoding (antisense) strand, which 
is the complement of the DNA coding (sense) strand. Thus, the mRNA sequence 1$ а 
copy of the DNA coding (sense) strand, with T replaced by U. 


28.33 mRNA sequence (53); CUA—GAC—CGU—UCC—AAG—UGA 


Amino Acid: Leu Asp—Arg—Ser—Lys (stop) 
28.34 
Original Sequence Miscopied Sequence 
DNA coding strand (5'->3"}:  -CAA-CCG-GAT- -CGA-CCG-GAT- 
mRNA sequence (5'—>3'): -CAA-CCG-GAU- -CGA-CCG-GAU- 
Amino acid sequence: -Gln—Pro—Asp- -Arg—Pro—Asp- 


If this gene sequence were miscopied in the indicated way, a glutamine in the original 
protein would be replaced by an arginine in the mutated protein. 
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28.35 1. First, protect the nucleosides. 


(a) Bases are protected by amide formation. 


NH; NHCOCsH, 
N 
С Y CgHaCOCI ¢ ae 
Adenine Jj mk y 
a SN pyridine 
NH» NHCOC,Hs 
Sy ^ CgHsCOC! SN 
i | e | 
Cytosine Д pyridine m p 
N О М о 


Guanine A. z ba 
a ^ 


Thymine does not need to be protected. 


NHCOCH(CH3)s 


(b) The 5' hydroxyl group is protected as its p-dimethoxytrityl (DMT) ether. 


тон, 


1. Вазе о 
———- 
2. DMTBr 


фоно (_) OGCH;CH;CO < \ 
О о О 
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2. Attach a protected 2-deoxycytidine nucleoside to the polymer support. 


DMTOCH; ОМТОСНЬ 
O о 
—> 
оонно-—@ У OGCH,CH,CNHICH,),Si—CStiea 7) 
О O О О 


+ 


Сзйса У—ВИСНЫ NH; 
по 


Let — OCH;CH;CNH(CH;)48i — Slica J = 


3.  Cleave the DMT ether. 


DMTOCH; HOCH? 


CHCISCO;H 
———————- 
CH;Cl; 


ES Sese) 


4. Couple protected 2'-deoxythymidine to the polymer-2'-deoxycytidinc. (The 
nucleosides have a phosphoramidite group at the 3' position.) 


DMTOCH» ОМТОСН> 
о Tetrazole о 


z 7 
RN EN Cytosine 
Р — МР) Р —OCH3 4 


NCCH5CH5O NCCH5CH5O 
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12 
THF 


o 
Ўр осн, А 
| O 
o— Gunner) 
6. Repeat steps 3--5 with protected 2'-deoxyadenosine and protected 2'- 
deoxyguanosine. 


NCCH5CH5O NCCH5CH;O 


7. Cleave all protecting groups with aqueous ammonia to yield the desired sequence. 


Guanine 
DMTOCH; 


1 
ашлы 


OCH; 


ii 
O =P —OCH3CH3CN 


осн, 
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28.36 Both of these cleavages occur by the now-familiar nucleophilic acyl substitution route. A 
nucleophile adds to the carbonyl group, a proton shifts location, and a second group is 
eliminated. Only the reacting parts of the structures are sown. 


Deprotection at 1: 
Deprotection at 1: 


23 а NHs 
— 7! Me .. | ae А 


:0:) ON 20:7 = kA EE 
Ци —— | WZ so US =" 


NHs | < 


Deprotection at 2: 


О EMO „ HOJ О 
pe к, а 
|} TE. (ME | 
О 10:1 МН; 10:1 NH; NH> 
я NH3 E 

28.37 
| 
^88 

\ Н » oet 

Ор H Cyclic AMP 
| “М 
HO О OH 
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H 
H NH2 о д N^ 
4 | al. Valganciclovir 
N^ “м2 “нн 
ОЕ 2 


| hydrolysis 


28.38 (a), (b) 


A 
Aun, 


N 
OH 4 
Мз" CO.” N 
VUE ades HO бы/ 
+ 
Valine Ganciclovir 
OH 
(c) 2 
РА NH NH 
ME d Pi 
N N NH N NH 
2 2 
HO бы} 


Ganciclovit 2-Deoxyguanosine 


OH 


The -CH»- group at C2 of deoxyribose is missing from ganciclovir. 


(d) The missing atoms are part of the relatively inflexible deoxyribose ring. Without the 
ring, the DNA chain is floppy and base pairing to form a double helix can't occur. 


(e) Аз mentioned in (d), the inability to form base pairs stops the replication of DNA. 
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Chapter Outline 


L Overview of metabolism and biochemical energy (Section 29.1). 
А. Metabolism. 
1. The reactions that take place in the cells of organisms are collectively called 
metabolism. 


a. The reactions that produce smaller molecules from larger molecules are called 
catabolism and produce energy. 


b. The reactions that build larger molecules from smaller molecules are called 
anabolism and consume energy. 
2. Catabolism can be divided into four stages: 


a. In digestion, bonds in food are hydrolyzed to yield monosaccharides, fats, and 
amino acids. 


b. These small molecules are degraded to acetyl CoA. 
c. In the citric acid cycle, acetyl CoA 15 catabolized to CO», and energy is produced. 


d. Energy from the citric acid cycle enters the electron transport chain, where ATP 1s 
synthesized. 


B. Biochemical energy. 
1. АТР, a phosphoric acid anhydride, is the storehouse for biochemical energy. 


2. The breaking of a P-O bond of ATP can be coupled with an energetically unfavorable 
reaction, so that the overall energy change is favorable. 
3. Theresulting phosphates are much more reactive than the original compounds. 
П. Lipid metabolism (Sections 29.2—29.4). 
А. Catabolism of fats (Section 29.2—29.3). 
1. Triacylglycerols are first hydrolyzed in the stomach and small intestine to yield 
glycerol plus fatty acids (Section 29.2). 
a. The reaction is catalyzed by a lipase. 
i. Aspartic acid, serinc and histidine residues in the enzyme bring about 
reaction. 
b. Glycerol is phosphorylated and oxidized and enters glycolysis. 
i. The mechanism of oxidation involves а hydride transfer to МАЮ“. 
п. The addition to МАР is stereospecific. 
2. f-Oxidation (in the mitochondria) (Section 29.3). 


a. Fatty acids arc degraded by f-oxidation, a 4-step spiral that results in the cleavage 
of an n-carbon fatty acid into 7/2 molecules of acetyl CoA. 


b. Before entering f-oxidation, a fatty acid is first converted to its fatty-acyl CoA. 
3. Steps of f oxidation. 
a. Introduction of a double bond conjugated with the carbonyl group. 
i. The reaction is catalyzed by acyl CoA dehydrogenase. 
ii. The enzyme cofactor FAD is also involved and is reduced. 


iii. The mechanism involves abstraction of the pro-R a and В hydrogens, resulting 
in formation of a trans double bond. 
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b. Conjugate addition of water to form an alcohol. 
i. The reaction is catalyzed by enoyl CoA hydratase. 

c. Alcohol oxidation. 
і. The reaction is catalyzed by L-3-hydroxyacyl CoA dehydrogenase. 
ii. The cofactor NAD+ is reduced to NADH/H' at the same time. 
in. Histidine deprotonates the hydroxyl group. 

d. Cleavage of acctyl CoA from the chain. 


i. The reaction, which is catalyzed by f-keto thiolase, is a retro-Claisen reaction. 
ti. Nucleophilic addition of coenzyme A to the keto group is followed by loss of 
acetyl CoA enolate, leaving behind a chain-shortened fatty-acyl CoA. 


3. Ап n-carbon fatty acid yields 5/2 molecules of acetyl CoA after (#/2—1) passages of 
f-oxidation. 


a. 


b. 


Since most fatty acids have an even number of carbons, no carbons are left over 
after B-oxidalion. 
Those with an odd number of carbons require further steps for degradation. 


B. Biosynthesis of fatty acids (Section 29.4). 
1. General principles. 


a. 


In most cases, the pathway of synthesis isn't the exact reverse of degradation. 

i. If AG? is negative for onc route, it must be positive for the exact reverse, 
which is thus energetically unfavorable. 

li. The metabolic strategy is for one pathway to be related to its reverse but not to 
be identical. 

All common fatty acids have an even number of carbons becausc they are 

synthesized from acetyl CoA. 

Tn vertebrates, a large multienzyme synthase complex catalyzes ail steps in the 

pathway. 


2. Synthetic pathway. 


a. 


Steps 1-2: Acyl transfers convert acetyl CoA to more reactive species. 

i. Acetyl CoA is converted to acetyl ACP. 

ii. The acetyl group of acelyl ACP is transferred to the synthase enzyme. 

Steps 3—4: Carboxylation and acyl transfer. 

1. Acetyl CoA reacts with bicarbonate to yield malonyl CoA and ADP. 
(a) The coenzyme biotin, a CO» carricr, transfers CO» in a nucleophilic acyl 

substitution rcaction. 

ii Malony! CoA is converted to malonyl АСР. 

iii. At this point, both acetyl groups and malony! groups are bound to the synthase 
enzyme. 

Step 5: Condensation. 

i. A Claisen condensation forms acetoacetyl CoA from acetyl synthase and 
malonyl ACP. 

ii. The reaction proceeds by an initial decarboxylation of malonyl ACP to give 
an enolate that adds to acetyl synthase to form acetoacetyl CoA. 
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d. Steps 6-8: Reduction and dehvdrogenation. 
i. The ketone group of acetoacetyl CoA is reduced by NADPH. 
ii. The f-hydroxy thiol ester is dehydrated. 
iii. The resulting double bond is hydrogenated by NADPH to yield butyryl АСР. 
e. The steps are repeated with butyry! synthase and malonyl ACP to give a six 
carbon unit. 
f. Fatty acids up to palmitic acid (16 carbon atoms) are synthesized by this route. 
i. Elongation of palmitic acid and larger acids occurs with acetyl CoA units as 
the two-carbon donor, rather than ACP. 
ПЕ Carbohydrate metabolism (Sections 29.5—29.8). 
A. Catabolism of carbohydrates (Sections 29.5—29.7). 
1. Glycolysis (Section 29.5). 
a. Glycolysis is a 10-step series of reactions that converts glucose to pyruvate. 
b. Steps 1—2: Phosphorylation and isomerization. 
i. Glucose is phosphorylated at the 6-positton by reaction with ATP. 
(a) The enzyme hexokinase is involved. 
и. Glucose 6-P is isomerized to fructose 6-P by glucose-6-P isomerase. 
c. Step 3: Fructose 6-P is phosphorylated to yield fructose 1,6-bisphosphate. 
i. ATP and phosphofructokinase are involved. 
d. Step 4: Cleavage. 
i. Fructose 1,6-bisphosphate is cleaved to glyceraldehyde 3-phosphate and 
dihydroxyacetone phosphate. 
(a) The reaction is a reverse aldol reaction catalyzed by aldolase. 
e. Step 5: Isomerization. 
i. Dihydroxyacetone phosphate is isomerized to glyceraldehyde 3-phosphate. 
ii. The net result is production of two glyceraldehyde 3-phosphates, both of 
which pass through the rest of the pathway. 
£ Steps 6—7: Oxidation, phosphorylation, and dephosphorylation. 
i. Glyceraldehyde 3-phosphate is both oxidized and phosphorylated to give 1,3- 
bisphosphoglycerate. 
(a) Oxidation by NAD* occurs via a hemithioacetal to yield a product that 
forms the mixed anhydride. 
ii. The mixed anhydride reacts with ADP to form ATP and 3-phosphoglycerate 
(a) The enzyme phosphoglycerate kinase is involved. 
g. Step 8: Isomerization. 
1. 3-Phosphoglycerate is isomerized to 2-phosphoglycerate by phosphoglycerate 
mutase. 
h. Steps 9-10: Dehydration and dephosphory lation. 
i. 2-Phosphoglyccrate is dehydrated by enolase to give phosphocnolpyruvate. 
ii. Pyruvate kinase catalyzes the transfer of a phosphate group to ADP, with 
formation of pyruvate. 
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2. The conversion of pyruvate to acetyl CoA (Section 29.6). 


a. 


b. 


The conversion pyruvate — acetyl CoA is catalyzed by an enzyme complex 

called pyruvate dehydrogenase complex. 

Step 1: Addition of thiamin. 

i. A nucleophilic ylide group on thiamin diphosphate adds to the carbonyl group 
of pyruvate to yield a tetrahedral intermediate. 

Step 2: Decarboxylation. 

Step 3: Reaction with lipoamide. 

i. The enamine product of decarboxylation reacts with lipoamide, displacing 
sulfur and opening the lipoamide ring. 

Step 4: Elimination of thiamin diphosphate ylide. 

Step 5: Acyl transfer. 

i. Acetyl dihydrolipoamide reacts with coenzyme A to give acetyl CoA. 

ii. The resulting dihydrolipoamide is reoxidized to lipoamide by FAD. 

iii. FADH»? is reoxidized to FAD by МАР“. 

Other fates of pyruvate. 

і. In the absence of oxygen, pyruvate is reduced to lactate. 

и. In bacteria, pyruvate is fermented to ethanol. 


3. Thecitric acid cycle (conversion of acetyl CoA to CO») (Section 29.7). 


а. 


Characteristics of the citric acid cycle. 
i. Thecitric acid cycle is a closed loop of eight reactions. 
ii. The intermediates are constantly regenerated. 


iii. The cycle operates as long as NAD* and FADH: are available, which means 
that oxygen must also be available. 


Steps 1—2: Addition to oxaloacetate. 


i. Acetyl CoA adds to oxaloacetate to form citryl CoA, which is hydrolyzed to 
citrate. 
(a) The reaction is catalyzed by citrate synthase. 

и. Citrate is isomerized to isocitrate by aconitase. 
(a) The reaction is an El cb dehydration, followed by conjugate addition of 

water. 

Steps 3-4: Oxidative decarboxylations. 

і. Isocitrate is oxidized by isocitrate dchydrogenase to give а kctone that loses 
СО» to give a-ketoglutarate. 

ii a-Ketoglutarate is transformed to succinyl CoA in a reaction catalyzed by a 
multienzyme dehydrogenase complex. 

Steps 5—6: Hydrolysis and dehydrogenation of succinyl CoA. 

i. Succinyl CoA is converted to ап acyl phosphate, which transfers a phosphate 
group to GDP in a reaction catalyzed by succinyl CoA synthase. 

ii. Succinate is dehydrogenated by FAD and succinate dehydrogenase to give 
fumarate; the reaction is stereospecific. 

Steps 7-8: Regeneration of oxaloacetate. 


€» 2016 Cengage Learning. АП Rights Reserved, May not be seanned, copied or duplicated, or posled to a publicly accessible website, in whole or in part. 


The Organic Chemistry of Metabolic Pathways 995 


i. Fumarase catalyzes the addition of water to fumarate to produce ($)-malate. 
ii. (S)-malate is oxidized by МАО” and malate dehydrogenase to complete the cycle. 


C. Carbohydrate biosynthesis: gluconeogencsis (Section 29.8). 


1. 


2 


6. 


Jg. 


Step 1: Carboxylation. 

a. Pyruvate is carboxylated to yield oxaloacetate in a rcaction that uses biotin and 
ATP. 

Step 2: Decarboxylation and phosphorylation. 

a. Concurrent decarboxylation and phosphorylation of oxaloacetate produce 
phosphoenolpyruvate. 

Steps 3—4: Hydration and isomerization. 

a. Conjugate addition of water gives 2-phosphoglycerate. 

b. Isomerization produces 3-phosphoglyceratc. 

Steps 5—7: Phosphorylation, reduction and tautomerization. 

a. Reaction of 3-phosphoglycerate with ATP yields an acyl phosphate. 

b. The acyl phosphate is reduced by NADPH/H' to an aldchyde. 

с. The aldehyde tautomerizes to dihydroxyacetone phosphate, 

Step 8: Aldol reaction. 

a. Dihydroxyacetone phosphate and glyceraldehyde 3-phosphate join to form 
fructose 1,6-bisphosphate. 

b. This reaction involves the imine of dihydroxyacetone phosphate, which forms an 
enamine that takes part in the condensation. 

Steps 9-11: Hydrolysis and isomerization. 

a. Fructose 1,6-bisphosphate is hydrolyzed to fructose 6-phosphate. 

b. Fructose 6-phosphate isomerizes to glucose 6-phosphate. 

c. Glucose 6-phosphate is hydrolyzed to glucose. 

Several of these steps are the reverse of steps of glycolysis. 


IV. Protein metabolism (Section 29.9). 
A. Catabolism of proteins: Deamination. 


1, 


The pathway to amino acid catabolism: 

a. The ammo group is removed as ammonia by transamination. 

b. The ammonia is converted to urea. 

с. What remains is converted to a compound that enters the citric acid cycle. 
i. Each carbon skeleton is degraded in a unique pathway. 

Transamination. 

a. The -NH group of an amino acid adds to the aldehyde group of pyridoxal 
phosphate to form an imine (Schiff base). 

b. The imine tautomerizes to a different imine. 

The second imine is hydrolyzed to give an a-keto acid and an amino derivative of 

pyridoxal phosphate. 

d. The pyridoxal derivative transfers its amino group to a-ketoglutarate, to 
regenerate pyridoxal phosphate and form glutamate. 


су 
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3. Deamination. 
а. The glutamate from transamination undergoes oxidative deamination to yield 
ammonium jon and a-ketoglutarate. 
У. Some conclusions about biological chemistry (Section 29.10). 
1. The mechanisms of biochemical reactions arc almost identical to the mechanisms of 
laboratory reactions. 
2. Most metabolic pathways are linear. 
a. Linear pathways make sense when a multifunctional motecule is undergoing 
transformation. 
b. Cyclic pathways may be more energetically feasible when a molecule is small. 
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Solutions to Problems 


29.1 This reaction is a substitution at phosphorus, with ADP as the leaving group. 


NH; 


a 
7, С 


D | à 
Є = е 
CHOH с О 
CHOH 
Glycerol OH OH Атр NH2 
N 22 “м 
о О О 4 JJ 
M Е ЈК PUR "m" 
Ht OHy0—P—O + "Q—P—O-P— 
ule FE Aem. 
Viri О О О 
ОНОН 
H 
Glycerol 1-phosphate an y ADP 
29.2 
o 
CH4CH»; -CH5CH»5 -CH5CH5 -CHóCSCoA 
Caprslyl CoA | passage 4) 
f 
CH4CHz ait CHoCH2 = СН2С$СоА + CH3CSCOA 
Hexanoyl CoA ш 5) 


CH3CH2-CHCSCoA +  CH34CSCoA 


Butanoyl CoA | (passage 6) 
о 


| H 
CH4CSCoA + CH3CSCOA 
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29.3 


29.4 


29.5 
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A fatty acid with n carbons yields n/2 acetyl CoA molecules after (7/2 — 1) passages of 
the f-oxidation pathway | 


(a) 
e у + 


CH3CH, m CH5CH» S СН2СН»- СН>СНЬ P CHaCH^- CH5CH» e CHCH» kx: CH4CO5H 
| fi oxidation 
ji 
8 CH4CSCoA 
Seven passages of the -oxidation рай ау are needed. 
Seven passages of the £-oxidation pathway are needed. 


(b) 
T 
CHgCH;—(CHgCHgg—CH,Co,H ОЧЧО, — «o GH ESCA 
Nine passages of the -oxidation pathway are needed. 


Nine passages of the £-oxidation pathway are needed. 


f--Hydroxybutyryl ACP resembles the P-hydroxy ketones that were described in Chapter 
23 and that dehydrate readily by an Е1сВ mechanism. 


iem us 

Yo SACP 70. SACP | d 
[> La ЈЕ | 

HE cens H—CJ ENT qn + но 

н—с—Он g н—б-0н „| oH > 
Сн» _ а | CHa 


A fatty acid synthesized from PCH3CO?H has an alternating labeled and unlabeled 
carbon chain. The carboxylic acid carbon is unlabeled. 


CH,CH, CH,CH, CH,CH, CH,CH, CH,CH, CH,CH, CH,CH, CH,CO,H 
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29.6 The face in front of the plane of the page is the Re face. Since addition occurs from 
behind the plane of the page, it occurs at the Si face. 


999 


29.7 ATP is produced in step 7 (1,3-bisphosphoglycerate —> 3-phosphoglycerate) and in step 


10 (phosphoenolpyruvate —> pyruvate). Refer to Figure 29.7. 


29.8 Step 115 a nucleophilic acyl substitution at phosphorus (phosphate transfer) by the -OH 


group at C6 of glucose, with ADP as the leaving group. 


Step 2 is an isomerization, in which the pyranose ring of glucose 6-phosphate opens, 


tautomerism causes isomerization to fructose 6-phosphate, and a furanose ring is formed. 


Step 3 is a substitution, similar to the one in step 1, involving the -OH group at C1 of 


fructose 6-phosphate (phosphate transfer). 


Step 4 is a retro-aldol reaction that cleaves fructose 1,6-bisphosphate to glyceraldehydes 


3-phosphate and dihydroxyacetone phosphate. 


Step 5 is an isomerization of dihydroxyacetone phosphate to glyceraldehyde 3-phosphat 


that occurs by keto—enol tautomerization. 


Step 6 begins with a nucleophilic addition reaction to the aldehyde group of 


glyceraldehyde 3-phosphate by a thiol group of an enzyme to form a hemithioacetal, 


which is oxidized by МАР” to an acyl thioester. Nucleophilic acyl substitution by 
phosphate yields the product 1,3-bisphosphoglycerate. 


Step 7 is a nucleophilic acyl substitution reaction at phosphorus, in which ADP react 


with 1,3-diphosphoglycerate, yielding ATP and 3-phosphoglycerate (phosphate transfer). 


Step 8 is an isomerization of 3-phosphoglycerate to 2-phosphoglycerate. 


Step 9 is an E/cB elimination of H20 to form phosphoenolpyruvate. 


Step 10 is a substitution reaction at phosphorus that forms ATP and enolpyruvate, which 


tautomerizes to pyruvate (phosphate transfer). 
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29.9 
! CHO 1 CH OPO, 1 CH OPO% Trivse 1 CHyOPO4°7 
pi | | phosphate |. | 
H-* C — OH 206—0 26-0 t ECHO 
3 ] з | | isomerase | 
но=с—н HO—C--H Aldolase 3CH50H 3 CHO 
nda M ed M 
H-hC— OH H—C — OH Dihydroxy- 4 CHO 
E gl acetone 5! 
H T OH HE ОН phosphate — * BH 
6 CH5OH 6CH;OPOs^- 6 СН.ОРО- 2 
Glucose Fructose Glyceraldehyde 
| 6-bisphosphate 3-phosphate 
8.4 CHO 3,4 6057 SCoA 
| | Pyruvate | 
2.5 CHOH Eee 250—0 ——- 25C—O + 2CO, 
| _ | dehydrogenase | 
1.6 CH0P04? 1,6 CH3 complex 1,6 СНз 
Glyceraldehyde Pyruvate Acctyl CoA 


3- phosphate 


Carbons | and 6 of glucose end up as -СНз groups of acetyl CoA. and carbons 3 and 4 of 


glucose end up as CO». 


29.10 Citrate and isocitrate are tricarboxylic acids. Refer to Figure 29.12. 


29.11 


но. dco," ОН 


CO», 026 J OC 
Dd JA 


Citrate 


РЕ? ques be Heus 
CO” 


үй ta H OH 


cis-Aconitate (2R,35)-[socitraie 


29.12 The pro-R hydrogen is removed during dehydration, and the reaction occurs with anti 


geometry. 
HO CO; H20 СО; 
^ 
-OC COs” ig “O20 CO.” 
\ 
H H H 
pro-R pro-5 
Citrate eis Aconitale 
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29.13 First, 1,3-bisphosphoglycerate reacts with a cysteine residue of the enzyme in a 
nucleophilic acyl substitution reaction, with loss of phosphate. Then, reduction by NADH 
in a second nucleophilic acyl substitution reaction yields glyceraldehyde 3-phosphate. 


ME (Eu 
2^ OgPO М RI "I T Г. 
О? Ry SC 
H OH M H 
CH5OPO4* СН,ОРОЗ 


H OH 
Glyceraldehyde 3-phosphate СН>ОРО.2 


Glyceraldehyde 3-phosphate 


29.14 
2-— 
ОзРО Е со.- 
/ "4 
А 26 
= мн, : O^. 
у; 
H Мұ o-H . di 
CH3 
PMP cr Keloglutarate c-Keto acid imine tautomer 


Nucleophilic acyl substitution, followed by loss of water, forms the imine tautomer. 


Keto acid imine tautomer Ке acid imine 
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A lysine residue deprotonates the carbon next to the ring, leading to tautomerization. 


_ _ + HaN-EEnz; 
?-04PO - H ?^04PO ` 
H CO» "ew н COs 
| d, HN HE 23 х 
2 i n um 
км xi uM id | SNC 1 
N N* + 
Sra -H N РАА H 
СНз CH, 
c Keto acid imine PI.P-glutamate imine 


Enzymatic protonation of the keto acid imine yields PLP glutamate imine. 


a нЕ 


2 ОзРО | 
Н H СО 
« | `/ 
м" 
х , 
Nt М 
ч -— H 
H^ О: _ 
11 СО» 
CH3 7 
PLP-elutamate imine 
TS H СО 
Enz: С 
== и 
Нм 
de 
PLP imine Glutamate 


Addition of the enzyme, followed by loss of glutamate, regenerates PLP imine. 
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29.15 Position leucine and a-ketoglutarate so that the groups to be exchanged are aligned. This 
arrangement makes it easy to predict the products of transamination reactions. 


P ү ре jo 

ш CHa els ric 

Ста + ra —— GHz + rc 
=н 9 one HES МН. 

COs COS COs” CO7 
Leucine e-Ketoglutarate keto acid Glutamate 


29.16 As in the previous problem, redraw the a-keto acid and align it with glutamate. By 
exchanging the keto group and the amino group, you can identity the amino acid as 


asparagine. 
COs Cos 
Ох „Мн w Cn; Оз Ne 
сн; + CHo -— сн; + CHo 
б=о снн ç=0 Ho = Nig 
CoO,” CO,” CoO,” CO 
keto acid Glutamate c-Ketoglutarate Asparagine 
Visualizing Chemistry 
29.17 The amino acid precursors are valine (a) and methionine (b). 
(a) Tee: Coz: 
ү Ж qn ү 
CHCH3 + Сне ——- CHCHs + СН? 
HO—NHs" ç=0 а He NH 
COs” co.” CO, CO,” 
Valine eKetogluarate Glutamate 
(b) 298 rcd 193 oe: 
CH2 СН? CH2 Сн 
CH; + Сән — — CHe + Сн 
им о 7=0 нр NH 
COS" COS сб. CO. 
Methionine e-Ketoghuiarate Gluraniate 
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29.18 


29.19 


29.20 


Chapter 29 


The intermediate is (S)-malate. Refer to Figure 29.12. 


(S}-Malate 


CO; 


E 


uu aia a d COs 
\ 


HaN H 


L-Lysine 


Decarboxylation of the intermediate yiclds lysine. 


The intermediate ts derived from D-erythrose. 


CHO 

H OH 

H OH 
СН»ОРОЗ27 


D-Etvythrose 4+-phosphate 


Mechanism Problems 


29.21 
B H о 
à `снон Aet 
Bi. Q Е 
O УН-А H OH 
H OH жш == H OH 
H OH H OH 
CHJOPO3 CH;OPO4^- 
Ribulose Rtbose 


5-phosphate 


5-phosphate 


The isomerization of ribulose 5-phosphate to ribose 5-phosphate occurs by way of an 


intermediate enolate. 
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29.22 This is a reverse aldol reaction, similar to step 4 of glycolysis. 


(ДИ Г ae poss "EZ he 
end SNH, | >! : | 
TN Y 4 
H—C-— OH H--C—0H i н-с—он 
CH5OPO4?- СН2ОРОз 2 | СН5ОРОЗ27 
| но 
cone NH, + Daa 
| 
CHOH 


29.23 (a) The first sequence of steps in this mechanism involves formation of the imine 
(Schiff base) of sedoheptulose 7-phosphate, followed by retro-aldol cleavage to 
form erythrose 4-phosphate and the enamine of dihydroxyacetone. 


CHOH 


CHOH г СНОН * | vse go ny 
ace Та Mets | + hoe P c—NHkenz) 
(ue oU. сане | UND 

ve Sen Ego ub ed dee | 
ноен 20 НОСЕ Н en но“, > 
| y 
H—C —OH = | Hc d B don: + —- rio 
H—G —0H | н-с—он H—C—OH 
H—C —OH Rua H—G—OH 
CH)OPOS?^ = СН0РО 27 CH OPO 77 


Erythrose 
4-phosphate 


(b) The enamine of dihydroxyacetone adds to glyceraldehyde 3-phosphate to yield 


fructose 6-phosphate. This reaction is almost identical to the reaction pictured for 
Step 8 of gluconeogenesis in Section 29.8. 
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CH;OH 
z- HOH CH4OH 
сн enz; F d УРА i 2 
и смит: с=0 
HO” ^H: ——- | HO-C—H HO uo-c-H + нә Enz 
И EE | Сон 
" UT АА | H T OH | 
H—Q —OH | Hc 60H н-с-он 
СН>ОРОЗ СН>ОРОЗ 2 CH50PO, 27 


29.24 


CHOH 
о 


+ 
но н 
H 
H 
H 


CHOPO T 


Scdoheptulose 
7-phosphate 
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Xylulose 
5-phosphate 


СН;0РО{ 27 


н он 
H OH 
H OH 


Ribose 
5-phosphate 


Fructose 6-phosphate 


FA CH3 


Glyccraldehyde 
3-phosphate 
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29.25 
EU tee Е 
СО :0:/ 0 CO; :Q! О | 
мо Noor Аж в ee: 
TNut-^ addition of 4 
Maleoylacetoacetate nucleophile bond 
.2 | rotation 
O O с >Nu zœ ТО 1 
P Р WE Я i 7 | 
un. СО; ж Y CO» 
* = 2 
O2C expulsion of | O2C й | 
+ Nu: nucieophile l- р 
Fumaroylacetoacetate 
29.26 
ry ~ m ^s 
к od. N A 1 
Е EN CO»? Е AK Å co; 
OC 1 = 026 А 
VEL RN H20 - 
7 ЗОН? nucleophihic 2 retro-Claisen 
addition condensation 
of water 
co, 9 
= P dbi „+2 
var pu Е 
" 2 
29.27 The first step in the conversion acetoacetate — —> acetyl CoA is the formation of 


acetoacetyl CoA. This reaction also occurs as the first step in fatty acid catabolism. 
Although we haven't studied the mechanism, it involves formation of a mixed anhydride. 


HSCOoA, ATP АМР, РР; 
О ө, О О 


The final step is a retro-Claisen reaction, whose mechanism is pictured in Section 29.3 as 
Step 4 of fi-oxidation of fatty acids. 


b 
р iU с 
Á IL — pot C 
A 5СоА SCoA. m SCoA 
7:S8CoA T 
9 7:5СоА  HSCoA о: 
ven „тм 
НС” ~SCoA HaC^ ``5СоА 
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29.28 Now is a good time to use retrosynthetic analysis, which was first encountered in Chapter 
9. In this degradative pathway, what might be the precursor to acetyl CoA (the final 
product)? Pyruvate 1$ a good guess, because we learned how to convert pyruvate to acetyl 
CoA in Section 29.6. How do we get from serine to pyruvate? A transamination reaction 
15 a possibility. However, the immediate transamination precursor to pyruvate is the 
amino acid alanine, which differs from serine by one hydroxyl group. Thus, we probably 
have to design a pathway from serine to pyruvate that takes this difference into account. 


Many routes are possible, but here's the simplest: 


О о Q o~ О lem 
хс ~1В-еп2 *c S tautormer- Sc = 
м elimination | ization | 

ном CH а чәм—© ce. = 
HO— CH2 CHp CH, 
Serine hydrolysis | њо 
О om 
NADH/H* NADH et 
О 5СоА 
COs X “с” ——— о=с 
Сна HSCoA CH; 
Acetyl CoA Pyruvate 


The coenzymes thiamin diphosphate and lipoamide are involved in the last step. 


29.29 ] _ А E 
0 г г (o 
б=о. * I LL ax a с=0 
СН2ОРО. 27 Сн СН2ОРО 27 єн; 

CH; Сн 
3-Phasphohy- CO. M Phosphoserine СО)” 


droxypyruvate 


This reaction is a transamination that requires the coenzyme pyridoxal phosphate as a 
cofactor. The mechanism, which is described in Figure 29.14, involves two steps. The 
first step is the nucleophilic addition of glutamate nitrogen to the aldehyde group of 
pyridoxal phosphate to yield an imine intermediate, which is hydrolyzed to give a- 
ketoglutarate plus a nitrogen-containing pyridoxal phosphate byproduct. 
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H COS meee H CO. 
H 

| are | | : 

2 Gx. + „С 


ы Sp CO» on s CO, 
СНз С СНз 
Pyridoxal phosphate Glutamate 
НО 

2-0зРО GO 

+ с=0 
di NH» Gs 
не он оч 

CH; EE. 


This byproduct reacts with 3-phosphohydroxypyruvate to give 3-phosphoserine plus 
regenerated pyridoxal phosphate. 


?-O4PO :?-04PO _ 
COs | $02 
+ j С 
2 мн, С=0 a ^N* "CcHj0POs?^ 
2- 
CH5OPO | 
N* 2ОРОз №. Uz | 
н< S он fo OH : 
3-Phosphohy- j | 
CH3 droxypyruvate = CH3 = 
"Ке; 
2-0:РО А 
Ho CO; 
as | СН>ОРОЗ 
и Хх . 
H OH  3-Phosphoserine 
CHa 
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29.30 . 
n К 
С 1 C Мы 54 бы 
Ceo ose ^j H 
| 2 hydrolysis 
: О С СО 
\ || Аб 2 
"":0H508CoA iiio Е 
a-Ketoisovalerate climmation | 
O 
КИЕ + + = 
H cto: NADH/H* NAD н соу Со a 
> - x 5 7 - А HA 
ов Реа o. ВВ сери = 
[l7 oxidation ÁN conjugate \ 2 
о М ~ H OH addition \ 
НО: 
6 decarboxylation 
of a кео acid 
COs 
С “ 2 й 
i COs 
О 
re Ketoisocaproate 
29.31 
(а) 9 О но NH О 
‘осененьсньзенгенсо” OCCCH;CH;SCH,CHCO" 
МН ^NH4 О t мнз 
Cystathionine 
(b) В (SHA 
| о О О 
_ Г X p || | 
осесн T CH, —SCH;CHCO + оббен=сн, + HSCH;CHCO" 
+ 
о + МН О NH, 
Cysteine 
(с) 9 FADHo FAD 0 
Эко =СН2 Era К Е: 
о О 


c-Ketobutyrate 


The product of double-bond reduction is a-ketobutyrate. FADH? is the necessary 
coenzyme. 
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Additional Problems 
Enzymes and Coenzymes 
29.32 Digestion is the breakdown of bulk food in thc stomach and small intestine. Hydrolysis of 


amide, ester and acetal bonds yields amino acids, fatty acids, and simple sugars, and these 
processes release energy. 


29.33 Metabolism refers to all reactions that take place inside cells. Digestion is a catabolic part 
of metabolism in which food is broken down into small organic molecules. 


29.34 Metabolic processes that break down large molecules are known as catabolism. 
Metabolic processes that assemble larger biomolecules from smaller ones are known as 


anabolism. 
29.35 
NH» 
7 М УМ 
О-Р=О < | E 
О 
АМР 
OH OH 
29.36 
Мн, 
EN 
él J 
P 
CH» N N 
О 
О 
\ cyclic AMP 
P 
orl Oo OH 
о 


29.37 ATP transfers а phosphate group to another molecule in anabolic reactions. 


29.38 NAD* is a biochemical oxidizing agent that converts alcohols to aldehydes or ketones, 
yielding NADH and H* as byproducts. 


29.39 FAD is an oxidizing agent that introduces a conjugated double bond into a biomolecule, 
yielding FADH? as the reduced byproduct. 
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29.40 (a)  Pyridoxal phosphate is the cofactor associated with transamination. 
(b) Biotin is the cofactor associated with carboxylation of a ketone. 


(c) Thiamin diphosphate is the cofactor associated with decarboxylation of an a-keto 


acid. 
29.41 
oH NAD* NADH/H* Ө 
CH3CHCOs^ даши z- CH4CCO^4 
Lactate Pyruvate 
NAD" is needed to convert lactate to pyruvate because the reaction involves the oxidation 
of an alcohol. 
Metabolism 
29.42 
T 
CH4CCHSCSCoA + HSCoA ——* 2 CH4CSCoA 
Acetoacetyl CoA Acetyl CoA 
29.43 
(a) Q FAD _ РАОНр 
СНаСНоСНСНоСН»С$СоА CHa3CH2CH5CH-— СНС$Сод 
: Асу! CoA 
dehydrogenase 
b О OH о 
(b) || Enoyl CoA | | 
СНУСН>СНЬСН= СНС$Сод + HO ——————= CHaCHsCH2CHCH,CSCoA 
hydratase 
(c) ОН q МАР“ NADH/H* С " 
+ -3-Нуагохуасу! CoA 
dehydrogenase 


29.44 The exact reverse of an energetically favorable reaction is energetically unfavorable. 
Since glycolysis is energetically favorable (negative AG), its exact reverse has а 
positive AG?; and is energetically unfavorable. Instead, glucose is synthesized by 
gluconeogenesis, an alternate pathway that also has a negative АС”. 


29.45 (a) One mole of glucose is catabolized to two moles of pyruvate, each of which yields 
one mole of acctyl CoA. Thus, 


1.0 mol of glucose —> 2.0 mol of acetyl CoA 
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(b) A fatty acid with н carbons yields 7/2 moles of acetyl CoA per mole of fatty acid. 
For palmitic acid (CisH31CO2H), 


8 mol of acetyl CoA 


1.0 mol of palmitic acid x — > 8.0 mol of acetyl CoA 


1 mol of palmitic acid 


(c) Mallose is a disaccharide that yields two moles of glucose on hydrolysis. Since each 
mole of glucose yields two moles of acetyl CoA, 


1.0 mol of maltose —> 2.0 mol of glucose —> 4.0 mol of acetyl CoA 


29.46 
(a) Glucose (b)Palmitic acid (с) Maltose 
Molecular weight 180.2 amu 256.4 amu 342.3 amu 
Moles in 100.0 g 0.5549 mol 0.3900 mol 0.292] mol 
Moles of acetyl CoA 2х 0.5549 mol 8 x 0.3900 mol 4 x 0.2921 mol 
produced = 1.119 mol = 3.120 mol = 1.168 mol 
Grams acetyl CoA 898.6 g 2526 g 945.6 g 
produced 
Palmitic acid is the most efficient precursor of acetyl CoA on a weight basis. 
29.47 
Amino acid u-Keto acid 
d id T 
CHSCHCHCO," Снаснссогг 
он OH 


(b) мнз Q 
C CHCO " CH бсо E 
H i 
N РА 2 2 2 2 


(O о NH, 
TUN NN 
HaNCCHSCHCO; HəNCCH CCO» 


29.48 As we saw in Section 29.1, formation of glucose 6-phosphate from glucose and ATP is 
energetically favorable (negative AG™) The reverse reaction, transfer of a phosphate 
group to ADP from glucose 6-phosphatc, is energetically unfavorable and doesn't occur 
spontaneously. have negative AG™ values and arc energetically favorable reactions. In 
chemical terms, the leaving groups in the reactions of 3-phosphoglyceroyl phosphate 
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(carboxylate) and phosphoenolpyruvate (enolate) are more stable anions than the leaving 
group in the reaction of glucose (alkoxide), so these reactions are more favorable. 


4^ г "" — 
Ет 043 1420: m а 
RO—R-—O ROS EE ВОВ —— ҺО: + CO—P—NuU 
М ле : 9 | "Nu 
oo | oF Di 
Glucose 3-Phosphoglyceroy! Phosphoenolpyruvate 
phosphate 
RO- = me Gee Ог 
ic —OH a a rn 
HO E. —H CH50PO5?^ CH3 
н—с—он 
H E —OH 
сно" 


29.49 The steps in the conversion of a-ketoglutarate to succinyl CoA are similar to steps in the 
conversion of pyruvate to acetyl CoA shown in Figure 29.11, and the same coenzymes 
are involved: lipoamide, thiamin diphosphate, acetyl CoA and МАП“, 


| nA о 
Сы 20: ly РР 


d G 
C O х / - 
P mA С бз СО» 


Е ———— N-—R 
R СО» і IM + 
R' 


GUN 


N 

\ 
e 1. 
Be 
№: 


+ 
м — 
IM 
R 
CH3 


D 
Pa 
T 
D 
2 
2 
[Єр] 
/ 
Z 
| 
_ 23 
Е 
| 
>» 


о 
I 
со 
о 
т 
e 
2 
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NAD* NADH/H* 

V 6. SN 
кыбы A | 
Naa TE 5 


CH3 R’ 


Step 1:  Nucleophilic addition of thiamin diphosphate ylid. 

Step 2: Decarboxylation. 

Step 3: Addition of double bond to lipoamide, with ring opening. 
Step 4: Elimination of thiamin diphosphate. 


Step5: — Nucleophilic addition of acetyl CoA to succinyl lipoamide and elimination of 
dihydrolipoamide to give succinyl CoA. 


Step 6: Reoxidation of dihydrolipoamide to lipoamide. 


29.50 Addition of -OH: For carbon 2, the top face is the Re face, and -OH adds from this face 
to give an А configuration at carbon 2. 
Addition of H*: For carbon 3, the top face is 57, and H^ adds from the bottom, or Re, face 
to give an S configuration at carbon 3. The reaction occurs with anti geometry. 


General Problems 


29.51 
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sn-Glycerol 
3-phosphate pro-§ 
№ 
= тш 
ч “CONH, 
Dihydroxyacetone 
phosphate 


pro-R 


The face above the plane of the ring is the Si face. Since the problem states that addition 
of -H takes place from the Re face, the circled hydrogen comes from sn-glycerol, The 
added hydrogen has pro-R stereochemistry. 


29.52 
О НСА О О њо Н3бА О О 
|| И dM || EN 
2 CH3CSCoA CH4CCH5CSCoA № сисснсо 
: . NADH/H* 
Ас CuA Acctoacety] CoA Acetoacetate 
CO» v x NAD* 
B Tc 
CH4CCH3 CH3CHCH5CO^ 
Acetane 3-Hydrox ybutyrate 
ketone bodies 
29.53 
м [7 * 
GO: О | О; о О 
| " M 1 i ‚ '^ | m |} H 
oe a i -C ——À- CHa4CCH5CSCoA 
ніс “Сод НС” ^SCoA НС:  CHSCSCoA E: 
Аа + 75СоА 
29.54 Addition occurs from the Si face to form the А enantiomer. 
Re 
1 HOH O 
fie 2 МА || 
—С ~ SS „С М д” С N 
ьСН2СОЗАСР Н.С R x SACP 
HH 


Si 
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29.55 If dehydration removes the pro-R hydrogen and the resulting double bond is trans, as 
indicated, anti elimination must have taken place. 


HOH O H О 
WV е НО е | 
C ——r 
HaC ^R 767 “SACP Hac” “С” “SACP 
pro-R T HW pro-N i 


i 
CH4CH5CH5CSACP 
Butyry! ACP 


The reduction is a syn addition. 
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Review Unit 11: Biomolecules II — Lipids, Nucleic Acids, Metabolic Pathways 
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Major Topics Covered (with vocabulary): 


Lipids: 

wax fat oil triacylglycerol fatty acid polyunsaturated fatty acid soap 
saponification micelle phosphoglyceride sphingolipid lipid bilayer — sphingosine 
sphingomyelin prostaglandin terpenoid essential oil — monoterpenoid — sesquiterpenoid 
isopentenyl] diphosphate steroid hormone sex hormone adrenocortical hormone 
androgen estrogen mineralocorticoid glucocorticoid squalene — lanosterol 


Nucleic acids and nucleotides: 
nucleoside nucleotide deoxyribonucleic acid (DNA) ribonucleic acid (RNA) adenine 


guanine thymine cytosine  3'end 5'епа  basepairing double helix 
complementary pairing major groove minor groove intercalation 


Nucleic acids and heredity: 

replication semiconservative DNA polymerase replication fork DNA ligase 
transcription mRNA rRNA tRNA sense (coding) strand antisense (noncoding) 
strand promoter sites exon intron translation codon  anticodon 


DNA technology: 

DNA sequencing Maxam-Gilbert method restriction endonuclease restriction fragment 
palindrome Sanger dideoxy method DNA synthesis DMTether phosphoramidite 
phosphite polymerase chain reaction (PCR) 


Metabolic pathways: 

metabolism anabolism catabolism digestion phosphoric acid anhydride АТР 
МАР’ NADH/H'  f-oxidation pathway glycolysis Schiffbase pyruvate acetyl 
CoA pyruvate dehydrogenase complex thiamine lipoamide citric acid cycle 
electron-transport chain transamination oxidative deamination gluconeogenesis biotin 


Types of Problems: 
After studying these chapters you should be able to: 


E Draw the structures of fats, oils, steroids and other lipids. 

= . Determine the structure of a fat. 

— Predict the products of reactions of fats and steroids. 

= . Locate the five-carbon units in terpenoids. 

- . Understand the mechanism of terpenoid and steroid biosynthesis, 

- Draw the structures and conformations of steroids and other fused-ring systems. 


— . Draw purines, pyrimidines, nucleosides, nucleotides, and representative segments of DNA 
and their complements. 


— List the base sequence that codes for a given amino acid or peptide. 
—  Deduce an amino acid sequence from a given mRNA sequence (and vice versa). 
— Draw the anticodon sequence of tRNA, given the mRNA sequence. 


= . Outline the process of DNA sequencing, and deduce а DNA sequence from an 
electrophoresis pattern. 
— Outline thc method of DNA synthesis, and formulate the mechanisms of synthetic steps. 
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Explain the basic concepts of metabolism, and understand the energy relationships of 
biochemical reactions. 

Answer questions relating to the metabolic pathways of carbohydrates, fatty acids and 
amino acids. 

Formulate mechanisms for metabolic pathways similar to those in the text. 


Points to Remember: 


* 


When trying to locate the five-carbon units in a terpenoid, look for an isopropyl group first; 


-at least one should be apparent. After finding it, count 5 carbons, and locate the second 


fivecarbon unit. If there are two possibilities for the second unit, choose the one that has the 
double bond in the correct location. 


In general, the reactions of steroids that are presented in this book are familiar and 
uncomplicated. Keeping track of the stereochemistry of the tetracyclic ring system is 
somewhat more complicated. 


In situations where base-pairing occurs, such as replication, transcription or translation, a 
polynucleotide chain (written with the 5' end on the left and the 3' end on the right) pairs 
with a second chain (written with thc 3' end on the left and the 5' end on the right). Base 
pairing is complementary, and the two chains are always read in opposite directions. 


Note the difference between transamination and oxidative deamination. Transamination is a 
reaction in which an amino group of an a-amino acid is transferred to o-ketoglutarate, 
yielding an a-keto acid and glutamate. In oxidative deamination, glutamate loses its amino 
group in an NAD*-dependent reaction that regenerates a-ketoglutarate and produces МНа*. 


Look at the steps of glycoiysis, and then look at the steps of gluconeogenesis. Several steps 
in one pathway are the exact reverse of steps in the other pathway because the energy 
required for these steps is small. Other, high-energy transformations must occur by steps 
that are not the exact reverse and that require different enzymes. Gluconeogenesis is a 
metabolic pathway that takes place mainly during fasting and strenuous exercise because 
dietary sources of carbohydrates are usually available. 


The conversion pyruvate — acetyl CoA is catalyzed by pyruvate dehydrogenase complex. 
The conversion acetyl CoA — carbohydrates doesn't occur in animals because they can 
obtain carbohydrates from food and don't usually need to synthesize carbohydrates. Only 
plants can, at times, use acetyl CoA to synthesize carbohydrates. 
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Self- test: 


NC NH2 
CH, 
HC CHO VAS l 
€ 
HOCH; N N 
о 
А С OH в OH 
Lactaroviolin Toyocyamycin 
(an antibiotic) (an antibiotic) 


What type of terpenoid is A? Show the location of the five-carbon units. 
Toyocamycin (B) is related to which nucleoside? What are the differences between B and 
the nucleoside? 
3 1 
ACG-CCT-TAG-GGC-TTA-GGAÀ 
C 


I 


C represents a segment of the antisense strand of a molecule of DNA. Draw: (a) the sense 
strand; (b) the mRNA that is synthesized from С during transcription; (c) the tRNA 
anticodons that are complementary to the mRNA codons; (d) the amino acids (use one- 
letter codes) that form the peptide that C codes for. 


A | 
"O26 —CHg-CH CH —CO0g —= “0;С—Он;-©н;—СО;` + н=С—СОр 


p. ЭН Е 


The above reaction is part of a metabolic pathway that occurs in plants. Identify D and E. 
What type of reaction is taking place? Do think that NAD', FAD, or ATP are needed for 
this reaction to occur? 
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Multiple choice: 


1. 


Which type of molecule is most likely to be found in a lipid bilayer? 
(a) triacylglycerol 

(b) prostaglandin 

(c) sphingomyelin 

(d) triterpene 


Which of the following terpenoids might have been formed by a tail-to-tail coupling? 
(a) monoterpenoid 

(b) sesquiterpenoid 

(c) diterpenoid 

(d) triterpenoid 


Prostaglandins and related compounds have all of the following structural features in 
common except: 

(a) cis double bonds 

(b) acarboxylic acid group 

(c) а Coochain 

(d) hydroxyl groups 


Which of the following steps doesn't occur in the synthesis of isopentenyl diphosphate? 
(а) Claisen condensation 

(b) oxidation 

(c) aldol condensation 

(d) decarboxylation 


Which nucleic acid has nonstandard bases, in addition to the usual bases? 


(а) DNA 
(b mRNA 
(с) rRNA 
(d) tRNA 


Which base doesn't need a protecting group in DNA synthesis? 
(а) Thymine 
(b) Cytosine 
(c) Adenine 
(d) Guanine 


Which amino acid has only one codon? 
(a) Tyrosine 

(b) Arginine 

(c) Lysine 

(d) Tryptophan 
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8. Which of the following enzyme cofactors 15 not involved in thc conversion of pyruvate to 
acetyl CoA? 
(a) Thiamine pyrophosphate 
(b) Pyridoxal phosphate 
(c) Lipoamide 
(d) NAD* 


9. Which of the following stcps of the citric acid cycle doesn't produce reduced coenzymes? 
(a) Isocitrate — a-Ketoglutarate 
(b) a-Ketoglutarate — Succinyl CoA 
(c) Fumarate — Malate 
(d) Succinate — Fumarate 


10. The amino acid aspartate can be metabolized as what citric acid cycle intermediate after 


transamination? 
(a) Oxaloacetate 
(b) Malate 


(c) o-Ketoglutarate 
(d) Succinate 
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Chapter Outline 


L Molecular orbitals and pericyclic reactions of conjugated pi systems (Section 30.1). 
А. Molecular orbitals of conjugated л systems. 


1. The p orbitals of the sp^-hybridized carbons of a polyene interact to form a set of z 
molecular orbitals. 


2. The energies of these orbitals depend on the number of nodes they have. 
а. The molecular orbitals with fewer nodes are bonding MOs. 
b. The molecular orbitals with more nodes are antibonding MOs. 
3. A molecular orbital description can be used for any conjugated z system. 
a. Inthe ground state, only the bonding orbitals are used. 
b. On irradiation with UV light, an electron is promoted to an antibonding orbital. 
i This is known as an excited state. 
B. Molecular orbitals and pericyclic reactions. 
1. The mechanisms of pericyclic reactions can be explained by molecular orbital theory. 
а. А pericyclic reaction can take place only if the lobes of the reactant MOs have the 
correct algebraic sign in the transition state. 
b. Ifthe symmetries of both reactant and product orbitals correlate, thc reaction 15 
symmetry-allowed. 
c. Ifthe symmetries don't correlate, the reaction is symmetry-disallowed. 


1 The reaction may still take place, but only by a nonconcerted, high-energy 
pathway. 


2. A modification of MO theory states that only two MOs need be considered (frontier 
orbitals): 


a, The highest occupied molecular orbital (HOMO). 
b. The lowest unoccupied molecular orbital (LUMO). 
II. Electrocyclic reactions (Sections 30.2—30.4). 
А. General description of electrocyclic reactions Section 30.2). 
1. Nature of electrocyclic reactions. 
a. An electrocyclic reaction involves the cyclization of a conjugated polyene. 
i. Onc z bond is broken, a new c bond is formed and a cyclic compound results. 
b. Electrocyclic reactions are reversible. 
i. The triene-cyclohexadiene equilibrium favors the ring-closed product. 
п. The diene-cyclobutene equilibrium favors the ring-opened product. 
2. Stereochemistry of electrocyclic reactions. 


а. A specific E,Z bond isomer yields a specific cyclic stereoisomer under thermal 
conditions. 


b. The stereochemical results are opposite when the reactions are carried out under 
photochemical conditions. 
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Orbital explanation for outcomes of electrocyclic reactions. 
a. The signs of the outermost lobes of the interacting orbitals explain these results. 
1. Fora bond to form, the lobes must be of the same sign. 
b. The outermost z lobes of the polyene must rotate so that the lobes that form the 
bonds are of the same sign. 
i. If the lobes are on the same side of the molecule, the lobes must rotate in 
opposite directions — disrotatory motion. 
и. Ifthe lobes of the same sign are on opposite sides of the polyene, both lobes 
must rotate in the same direction — conrotatory motion. 


B. Stereochemistry of thermal electrocyclic reactions (Section 30.3). 


1. 


2. 


The stereochemistry of an electrocyclic reaction is determined by the symmetry of the 

polyene HOMO. 

The ground-state electronic configuration is used to identify the HOMO for thermal 

reactions, 

a. For trienes, the НОМО has lobes of like sign on the same side of the molecule, 
and ring-closure is disrotatory. 

b. For dienes, ring closing is conrotatory. 

Jn general, polyenes with odd numbers of double bonds undergo disrotatory thermal 

electrocyclic reactions, and polyenes with even numbers of double bonds undergo 

conrotatory thermal electrocyclic reactions. 


C. Stereochemistry of photochemical electrocyclic reactions (Section 30.4). 


2, 


UV irradiation of a polyene causcs cxcitation of one electron from the ground-state 
HOMO io the ground-state LUMO. 

UV irradiation changes the symmetry of HOMO and LUMO and also changes the 
reaction stercochemistry. 

a. Photochemical electrocyclic reactions of trienes occur with conrotatory motion. 
b. Photochemical electrocyclic reactions of dienes occur with disrotatory motion. 
Thermal and photochemical electrocyclic reactions always take place with opposite 
stereochemistry. 


Ш. Cycloaddition reactions (Sections 30.5—30.6). 
A. General description of cycloaddition reactions (Section 30.5). 


1. 


2. 


А cycloaddition reaction is a reaction in which two unsaturated molecules add to give 
а cyclic product. 
Cycloadditions are controlled by the orbital symmetry of the reactants. 


a. Reactions that are symmetry-disallowed either don't take place or occur by a 
higher-energy nonconcerted pathway. 


The Diels-Alder cycloaddition is an example. 

a. Reaction occurs between a diene and a dienophilc to yicld a cyclic product. 
b. The products have a specific stereochemistry. 

c. The reaction is known as а [4 + 2] cycloaddition. 

Cycloadditions can only occur if the terminal z lobes have the correct 
stereochemistry. 
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a. In suprafacial cycloadditions, a bonding interaction takes place between lobes on 
the same face of onc reactant and lobes on the same face of the other reactant. 

b. Antarafacial cycloadditions occur between lobes on the same face of one reactant 

and lobes on opposite faces of the other reactant. 

Often, antarafacial cycloadditions are symmetry-ailowed but geometrically 

constrained. 


e 


B. Stereochemistry of cycloadditions (Section 30.6). 


l; 


4. 


A cycloaddition reaction takes place when a bonding interaction occurs between the 

HOMO of one reactant and the LUMO of the other reactant. 

The symmetries of the terminal lobes of the HOMO and LUMO of the reactants in a 

[4 + 2] thermal cycioaddition ailow the reaction to proceed with suprafacia! 

geometry. 

For {2 + 2] cycloadditions: 

a. Orbital symmetry shows that thermal cyclization must occur by an antarafacial 
pathway. 

b. Because of geometrical constraints, thermal [2 + 2] cycloadditions aren’t seen. 

c. Photochemical [2 + 2] cycloadditions take place because the addition can occur 
by a suprafacial pathway. 

Thermal and photochemical cycloadditions always take place by opposite 

stereochemical pathways. 


ГУ. Sigmatropic rearrangements (Sections 30.7—30,8). 
A. General description of sigmatropic rearrangements (Section 30.7). 


1. 


In a sigmatropic rearrangement, a a-bonded atom or group migrates across ал 

electron system. 

а. Ao bond is broken, the л bonds move, and a new о bond ts formed т the product. 

b. The c bonded group can be either at the end or in the middle of the л system. 

c. The notation [3,3] indicates the positions in the groups to which migration occurs. 

Sigmatropic rearrangements are controlled by orbital symmetry. 

a. Migration of a group across the same face of the z system is suprafacial 
rearrangement. 

b. Migration from one face to the other face is antarafacial rearrangement. 


c. Both types of rearrangements are symmetry-allowed, but suprafacial 
rearrangements are geometrically easier. 


B. Examples of sigmatropic rearrangements (Section 30.8). 


1. 


The [1,5] migration of a hydrogen atom across two double bonds of a л system is 
very common. 

a. Thermal [1,3] hydrogen shifts are unknown. 

The Cope rearrangement and the Claisen rearrangement involve reorganization of an 
odd number of electron pairs and proceed by suprafacial geometry. 
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V. A summary of rules for pericyclic reactions (Section 30.9). 


A. Thermal reactions with an even number of electron pairs are either conrotatory or 
antarafacial. 


B. A change from thermal to photochemical, or from even to odd, changes the outcome to 
disrotatory/suprafacial. 


C. A change of both thermal and even causes no change. 
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Solutions to Problems 


30.1 For ethylene: 


a | Анин MO Ju 
5J) 
HOMO -4- A 


Bonding MO Ground state Excited state 


= às А . 
ш Two 2p atomic orbitals 


The two л electrons of ethylene occupy yi in the ground state, making ул the HOMO 
and yo” the LUMO. In the excited state, one electron occupies yn and the other 
occupies з making v2" the HOMO. Since all orbitals are occupied in the excited 
state, there is no LUMO. 


For 1,3-butadiene: 


^ Wa! 
== LUMO —- 


2 LUMO —— HOMO се 


{УЛДЕ caen 
al] ни 
2 OQ oot Е ч: 
5 T d HOMO a LN 


Four 2p atomic orbitals 


^ RR ыы 


Ground state Excited state 


In the ground state, y2 is the HOMO, and ys" is the LUMO. In the excited state, ys" is 
the HOMO, and ya" is the LUMO. 


disrotatory conrotatory 
Ex — 
CH3 H 
cis Mas octatriene trans product 
HOMO (not formed) 


The symmetry of the octatriene HOMO predicts that ring closure occurs by a disrotatory 
path in the thermal reaction and tbat only cis product is formed. 
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30.3 Note: Trans-3,4-dimcthylcyclobutene is chiral; the $,$ enantiomer will be used for this 


argument. 


Path А: 


НС 


Conroiatory ring opening of trans-3,4-dimethylcyclobutene can occur in either а 
clockwise or a counterclockwise manner. Clockwise opening (path A) yields the ЕЕ 
isomer; counterclockwise opening (path B) yields the 7,2 isomer. Production of (2Z,4Z)- 
2.4-bexadiene is disfavored because of steric strain between the methyl groups in the 
transition state leading to ring-opened product. 


30.4 


2 4.6-Octatriene 
Ground state HOMO 


2Е АЎ 67)- 
24.6-Осципепе 
Ground state HOMO 


conrotatary 
— CHa 


H 


CH3 


КИ; trans-5 6-Dimethyl- 
Excited state HOMO l 3-cyciohexadiene 


conrotatory 
—> 


HC CH; 


cis-5.6-Dimethyl- 
Lavited state HOMO | 3-cyclohexadiene 


Photochemical electrocyclic reactions of 6 z electron systems always occur in a 


conrotatorymanner. 
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30.5 
(28 АЁ)-2 4-Hexadiene (2E AZ -24-Hesadiene 
CUN г * | i T ре ; Pes 
OM 96 6%. | H & 9... 
LUMO нс —C€Hy ^| pe CH3 
: ссн H i oi Li Chs еЗ, 
e os | pes í ^ 
Alkene Hw MAH | Pss Н 
НОМО H SH > il H H 
H H HC H 
PES UA мә 
Нас CH; H CH3 
The Diels-Alder reaction is a thermal [4 + 2] cycloaddition, which occurs with 
suprafacial geometry. The stereochemistry of the diene is maintained in the product, 
30.6 


^ 


a 


Diene є. Э. M 
HOMO N БЭ 


\ Triene | 
о LUMO | 


1029 


The reaction of cyclopentadiene and cycloheptatrienone is а [6 + 4] cycloaddition. This 


thermal cycloaddition procceds with suprafacial geometry since five electron pairs are 


involved in the conccrted process, The z clectrons of the carbonyl group do not take part 


in the reaction. 
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30.7 This [1,7] sigmatropic reaction proceeds with antarafacial geometry because four electron 
pairs are involved in the rearrangement. 


30.8 Scrambling of the deuterium label of 1-deuterioindene occurs by a series of [1,5] 
sigmatropic rearrangements. This thermal reaction involves three electron pairs — one pair 
of z electrons from the six-membered ring, the z electrons from the five-membered ring, 
and two electrons from a carbon-deuterium (or hydrogen) single bond — and proceeds 
with suprafacial geometry. 


11.510 
— D shift == 
[1.5] id} d 
DUE shift 


iu 


30.9 


2 
Na Г: 2 1 | н 
e | H = E 
иа Chy i аа : сєнәсн — CH; 
3 heat : CH» i 
3 es 3 3 mm 
L 
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The Claisen rearrangement of an unsubstituted allyi pheuy! ether is а [3,3] sigmatropic 
rearrangement in which the ally! group usually ends up in the position ortho to охурео. In 
this problem both ortho positions are occupied by methyl groups. The Claisen 
intermediate undergoes a sccond [3,3] rearrangement, and the final product is p-allyl 
phenol. 


22 
30.10 
Type of reaction Number of Stereochemistry 
electron pairs 
(a) Thermal electrocyclic four conrotatory 
(b) Photochemical electrocyclic four disrotatory 
(c) Photochemical cycloaddition four suprafacial 
(d) Thermal cycloaddition four antarafacial 
(e) Photochemical sigmatropic rearrangement four suprafacial 
Visualizing Chemistry 
30.11 
VAM 8 
CH— CH; | 


This reaction is a [3,3] sigmatropic rearrangement that yields 1,5-cyclodecadiene as а 
product. 
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The "C NMR spectrum of homotropilidene would show five peaks if rearrangement 
were slow. In fact, rearrangement occurs at a rate that is too fast for NMR to detect. The 
ЭС NMR spectrum taken at room temperature is an average of the two equilibrating 
forms, in which positions 1 and 5 are equivalent, as are positions 2 and 4. Thus, only 
three distinct types of carbons are visible in the ^C NMR spectrum of homotropilidene. 


Mechanism Problems 


30.13 
P v : | | 
Е 2iLN_ 1 2 » . NICH ; „МЕСН.) 
“ен, 3j shift А ZzN(CH3); | р (СН) 
; p RS 8 | zm 
WM 3 „СН eat OL | S 
uu Н.С” 2 Nu 7" CH4CHsCH; | CH5CHzCH; 
З H | 


(b) The rearrangement product absorbs at a longer wavelength because it has a more 
extensive system of conjugated double bonds. 
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30.15 
CH40 
———» 
М н | CH40 
Formation of estrone methyl ether occurs by a Diels-Alder [4 + 2] cycloaddition. 
30.16 
Нас CH3 
+ 
О 
Reaction 1: Reverse Diels-Alder [4 + 2] cycloaddition; 
Reaction 2: Conrotatory electrocyclic opening of a cyclobutene ring; 


Reaction 3: Diels-Alder [4 + 2] cycloaddition. 
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н CHCH3 


Coronafacic acid 


Treatment with base enolizes the ketone and changes the ring junction from trans to cis. 
A cis ring fusion is less strained when a six-membered ring is fused to a five-membered 


ring. 
30.17 
H CD» H D Н.С 0 
H H D D 
— — 
<_—_ = 
H H D 7 D 
H CD» H D HaC D 


Each of the two electrocyclic reactions involves two pairs of electrons and proceeds in a 
conrotatory manner. 


Additional Problems 


Electrocyclic Reactions 


30.18 (a) 


~~ 


Rotation of the orbitals in the 6 z electron system occurs in a disrotatory fashion. 
According to the rules in Table 30.1, the reaction should be carried out under 
thermal conditions. 
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(b) 


Ground state HOMO 


Excited state HOMO 


For the hydrogens to be trans in the product, rotation must occur in a conrotatory 
manner. This can happen only if the HOMO has the symmetry pictured. For a 6 я 
electron system, this HOMO must arise from photochemical excitation of a æ 
electron. To obtain a product having the correct stereochemistry, the reaction must 
be carried out under photochemical conditions. 


30.19 The diene can cyclize by either of two conrotatory paths to form cyclobutenes A and B. 


2016 Cengage | сагмпр. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website. in whole or in part 


1036 Chapter 30 


Opening of each cyclobutene ring can occur by either of two conrotatory routes to yield 
the isomeric dienes. Using B as an example: 


CgHs CgHs 
D4C 
CgHs СН» 
heat 
Ces ~. Сань 


30.20 А photochemical electrocyclic reaction involving two electron pairs proceeds in a 
disrotatory manner (Table 30.1). 


Ground state HOMO Excited state HOMO 


| 


The two hydrogen atoms in the four-membered ring are cis to each other in the 
cyclobutene product. 


30.21 The cyclononatriene is a 6 z electron system that cyclizes by a disrotatory route under 
thermal conditions. The two hydrogens at the ring junction have a eis relationship. 
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30.22 
heat 
+ 
/ conrotalory 
7 с 
H4C CH, 
Ww Z 
НС сна \ 
um disrotalory 
(QE AZ. 6Z.8E)- 
2 4.6.8-Decatetraene 
HC CH3 
Four electron pairs undergo reorganization in this clectrocyclic reaction. The thermal 
reaction occurs with conrotatory motion to yield a pair of enantiomeric frans-7,8- 
dimethyl- 1,5,5-cyclooctatrienes. The photochemical cyclization occurs with disrotatory 
motion to yield the cis-7,8-dimethyl isomer. 
30.23 
heal 
/ conrotalory 
V SN 
HC CH3 
CH 
ү; 3 
fiv 
CH No . 
a {£ 
ал disrotatory P 
QE4AZGZ.SZ}- 
24 6 8-Decatetraene ` ; 
НС CH3 HaC CH; 
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30.24 


Сһар(ег 30 


Thermal 


reaction: , 
: disrotatory 


Photochemical 
reaction: 


conrotatory 
—> 


CJ H 
HOMO RP 


Two electrocyclic reactions, involving three electron pairs each, occur in this 
isomerization. The thermal reaction is a disrotatory process that yields two cis-fused 
sixmembered rings. The photochemical reaction yields the trans-fused isomer. The two 
pairs of л clectrons in the eight-membered ring do not take part in the electrocyclic 
Teaction. 


Carbohydrate Reactions 


30.25 


This reaction is a reverse [4 + 2] cycloaddition. The reacting orbitals bave the correct 
symmetry for the reaction to take place by a favorable suprafacial process. 


Joo- 
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This [2 + 2] reverse cycloaddition is not likely to occur as a concerted process because 
the antarafacial geometry required for the thermal reaction is not possible for a four z- 
electron system. 


30.26 
, о à 
: ? 
| Í | с 
| z 
| О 
| 
| На -CO2CH, 
% а СОгСН» | = f 
O А | 
| Diene den еле 
: LUMO Qe o МУ А 
| coch, HOMO | 
Formation of the bicyclic ring system occurs by a suprafacial [4 + 2] Diels-Alder 
cycloaddition process. Only one pair of z electrons from the alkyne is involved in the 
reaction; the carbonyl л electrons are not involved. 
uP Р 
vA ce 
О HOMO : 
| heat di 
| ПЕЕ: d СО» 
| ENS 
| сосну 
30.27 
О 
heat А CH3 
== OI 7 
N 
CHO 
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The first reaction is a Diels-Alder [4 * 2] cycloaddition, which proceeds with suprafacial 
geometry. 


СНЕ CH, 
. һим 
—— СНсС=мМ + O 
К. EO 
РАФ CHO 
cc 


qe) | 


The second reaction is a reverse Diels-Alder [4 + 2] cycloaddition. 


Sigmatropic Rearrangements 


30.28 


а 3 
== 1 d 2 shilt 
2 MIS CLA SR a Maa 
N р 2 4 heat 


This thermal sigmatropic rearrangement is a suprafacial process since five clectron pairs 
are involved in the reaction. 


30.29 The product of this [3,3] sigmatropic rearrangement is ап enol that tautomcrizes to a 


ketone. 


Я | OH - о 
OH —»- P аы 
3 Su ] NN 
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30.30 
1 
ку з 13 
fry „Шор C» 
1 2 heat | : 


Vinyleycloprapane Cyclopentene 


This reaction is a [1,3] sigmatropic rearrangement. 


30.31 
[33 
CH : CH 10 
i БР, ЧЕ 2 сн; shift {3З i 
нсст 1 == Нс—с=с=ен-ен»ссн. 
TE ^I heat 1 2 3 3 2 
2С С 
Hs ae 3 
3 $ и 
H 
Ап allene is formed by a [3,3] sigmatropic rearrangement. 
CH О CH СОН 
[* [ {5 SI | 
HaC —C =C —CH — CH5CCH4 LE | HKC- C=C ECH -CH —ССНз : 
1 Н чш. - 
A H ae 
LE 
О 


/ \ oed 

i Ws ^u. Er HC — C= — CH CHCCH; 
/ 

H 


Acid catalyzes isomerization of the allene to a conjugated dienone via an intermediate 


enol. 
30.32 


[3,3] shift 


heat 


Кагаһапаепопе 


Karahanaenone is formed by a [3,3] sigmatropic rearrangement (Claisen rearrangement). 
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General Problems 


30.33 


30.34 


30.35 


Tables 30.1-30.3 may be helpful. The first step is always to find the number of electron 
pairs involved in the reaction. 


Type of reaction Number of Stereochemistry 
electron pairs 

(а) Photochemical [1,5] sigmatropic rearrangement 3 antarafacial 

(b) Thermal [4 + 6] cycloaddition 5 suprafacial 

(с) Thermal [1,7] sigmatropic rearrangement 4 antarafacial 

(4) Photochemical [2 + 6} cycloaddition 4 suprafacial 


Ring opening of Dewar benzene is a process involving two electron pairs and, according 
to Table 30.1, should occur by a conrotatory pathway. However, if you look back to other 
ring openings of cis-fused cyclobutenes, you will see that conrotatory ring opening 
produces a diene in which one of the double bonds is trans. Since a trans double bond in a 
six-membered ring is not likely to be formed, ring opening occurs by a different, higher 
energy, nonconcerted pathway. 


conrotatory 
a 
| 


conrotatory 


H H 


Ring opening of the trans-cyclobutene isomer proceeds by the expected conrotatory route 
to form the observed product. For the cis-cyclobutene isomer, the observed product can 
be formed by a four-electron pericyclic process only if the four-membered ring geometry 
is trans. Ring opening of the cis isomer by a concerted process would form a severely 
strained six-membered ring containing a trans double bond. Reaction of the cis isomer to 
yield the observed product occurs instead by a higher energy, nonconcerted path. 
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30.36 
ћу 
Both reactions are [2 + 2] photochemical electrocyclic reactions, which occur with 
disrotatory motion. 
30.37 


3,3] shift 3,3J shif 


Bulivalene 
Bullvalene can undergo [3.3] sigmatropic rearrangements in all directions. At 100 °С, the 


rate of rearrangement is fast enough to make all hydrogen atoms equivalent, and only one 
signal is seen in the 'H NMR spectrum. 
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30.38 
Suprafacial shift: 
E H 
CH. _ $ 
D 
A CH3 
Et 
HC 
Z Б 
Et R 
в OB 
Antarafacial shift: Г т 
5 9 
CH В 
-.U ен 
с 3 
Rt not formed 
HaC 
H 
Et 5 
D D СНз 
not formed 
The observed products A and B result from a [1,5] sigmatropic hydrogen shift with 
suprafacial geometry, and they confirm the predictions of orbital symmetry. C and D are 
not formed. 
30.39 
i CH, CH; 
| ——— i ME 


0—S-—CHs 


This [2,3] sigmatropic rearrangement involves three electron pairs and should occur with 
suprafacial geometry. 
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30.40 


270 °C 
SUE IS 


190 °С 
—--— 


Concerted thermal ring opening of a cis-fused cyclobutene is conrotatory and yields а 
product having one cis and one trans double bond. The ten-membered ring product of 
reaction 2 is large enough to accommodate a trans double bond, but a seven-membered 
ring containing a trans double bond 1$ highly strained. Opening of the cyclobutene ring in 
reaction | occurs by a higher energy nonconcerted process to yield a seven-membered 
ring having two cis double bonds. 


30.41 
CH; 


Thermal ring opening of the methylcyclobutene ring can occur by either of two 
symmetry-allowed conrotatory paths to yield the observed product mixture. 
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Chapter Outline 


1. Chain-growth polymers (Sections 31.1-31.3). 
A. General features of chain-growth polymerization reactions (Section 31.1). 


l. 


How polymerization occurs. 

a. An inittator adds to a carbon-carbon double bond of a vinyl monomer. 
b. The reactive intermediate adds to a second molecule of monomer. 

c. The process is repeated. 


2. Types of polymerization. 


a. Aradical initiator leads to radical polymerization. 
b. An acid causes cationic polymerization. 


i. Acid-catalyzed polymerization is effective only if the vinyl monomers contain 
electron-donating groups. 


c. Anionic polymerization can be brought about by anionic catalysts. 
i. Vinyl monomers in anionic catalysis must have electron-withdrawing groups. 
п. Polymerization occurs by conjugate nucleophilic addition to the monomer. 


ii. Acrylonitrile, styrene and methyl methacrylate can be polymerized 
anionically. 


iv. "Super glue" is an example of an anionic polymer. 


B. Stereochemistry of polymerization (Section 31.2). 


l. 


There are three possible stereochemical outcomes of polymerization of a substituted 
vinyl monomer. 


a. If the substitucnts all lie on the same side of the polymer backbone, the polymer is 
isotactic. 

b. Ifthe substituents alternate along the backbone, the polymer is syndtotactic. 

c. Ifthe substituents are randomly oriented, the polymer is atactic. 

The three types of polymers have different properties. 

Although polymerization using radical initiators can’t be control stereochemically, 

Ziegler-Natta catalysts can yield polymers of desired stereochemical orientation. 

a. Ziegler-Natta catalysts are organometallic-transition metal complexes. 


i. They are usually formed by treatment of an alkylaluminum with titanium 
tetrachloride. 


b. Ziegler-Natta polymers have very little chain-branching. 
Ziegler-Natta catalysts are stereochemically controllable. 


d. Polymerization occurs by coordination of the alkene monomer to the complex, 
followed by insertion into the polymer chain. 

Common Ziegler-Natta polymers. 

a. Polyethylene produced by the Ziegler- Natta process (high-density polyethylene) 
is linear, dense, strong. and heat-resistant. 

b. Other high-molecular-weight polyethvlenes have specialty uses. 


о 
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C Copolymers (Section 31.3). 


l. 
2; 


Copolymers are formed when two different monomers polymerize together. 


The properties of copolymers are different from those of the corresponding 
monomers. 
Types of copolymers. 
a. Random copolymers. 
b. Alternating copolymers. 
c. Block copolymers. 
i. Block copolymers are formed when an excess of a second monomer is added 
to a still-active mix. 
d. Graft copolymers. 
i. Graft copolymers are made by gamma irradiation of a completed 
homopolymer to generate a new radical initiation site for further growth of a 
chain. 


IL. Step-growth polymers (Sectton 31.4). 
A, Step-growth polymer are formed by reactions in which cach bond is formed 
independently of the others. 
B. Most step-growth polymers result from reaction of two difunctional compounds. 


1. 


Step-growth polymers can aiso result from polymerization of a single difunctional 
compound. 


C. Types of step-growth polymers. 


1. 
2, 
3. 


Polyamides and polyesters. 

Polycarbonates (formed from carbonates and alcohols or phenols). 

Polyurethanes. 

а. А urethane has a carbonyl group bonded to both an -NR2 group and an -OR 
group. 

b. Most polyurethanes are formed from the reaction of a diisocyanate and a diol. 

c. Polyurethanes are used as spandex fibers and insulating foam. 
i. Foaming occurs when a smal! amount of water is added during 

polymerization, producing bubbles of CO». 

ii. Polyurethane foams often use a polyol, to increase the amount of crosslinking. 


ИТ. Olefin metathesis polymerization (Section 31.5). 
A. General features. 


1. 
2; 


3. 


4. 


In an olefin metathesis reaction, two olefins (alkenes) exchange substituents. 
The catalysts contain a carbon—metal (usually ruthenium) double bond. 

a. They react reversibly with an alkene to form a 4-membered metallacyte. 
b. The metallacyte opens to give a different catalyst and a different alkene. 
The reaction is compatible with many olefin functional groups. 

The double bonds allow for further manipulations. 


B. Ring-opening metathesis polymerization (ROMP). 


1. 
2. 


The monomer is a moderately strained cycloalkene. 
The resulting polymer has double bonds spaced regularly along the chain. 
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С. Acyclic diene metathesis (ADMET). 


1. 


The monomer is a long-chain dialkene with double bonds at the end of the chain. 


2. Asthe reaction progresses, gaseous ethylene escapes, driving thc reaction toward 


product. 


IV. Polymer structure and physical properties (Section 31.6). 
A. Physical properties of polymers. 


1. 


Because of their large size, polymers experience large van der Waals forces. 

a. These forces are strongest in linear polymers. 

Many polymers have regions held together by van der Waals forces; these regions are 
known as crystallites. 

a. Polymer crystallinity is affected by the substituents on the chains. 

b. 7mis the temperature at which the crystalline regions of a polymer тей. 

Some polymers have little ordering but are hard at room temperature. 

a. These polymers become soft at a temperature 7» (glass transition temperature). 


B. Polymers can be classified by physical behavior. 


1. 


Thermoplastics. 

a. Thermoplastics have a high Tg and are hard at room temperature. 

b. Because they become soft at higher temperatures, they can be molded. 

c. Plasticizers such as dialkyl phthalates are often added to thermoplastics to keep 
them from becoming brittle at room temperature. 

Fibers, 

a. Fibers are produced by extrusion of a molten polymer. 

b. On cooling and drawing out, the crystallite regions orient along the axis of the 
fiber to add tensile strength. 

Elastomers. 

a. Elastomers are amorphous polymers that can stretch and return to their original 
shape. 

b. These polymers have a low Tz and a small amount of cross-linking. 
The randomly coiled chains straighten out in the direction of the pull, but they 
return to their random orientation when stretching is done. 

d. Natural rubber is an elastomer, but gutta percha is highly crystalline. 

Thermosetting resins. | 

a. Thermosetting resins become highly cross-linked апа solidify when heated. 

b. Bakelite, a phenolic resin formed from phenol and formaldehyde, is the most 
familiar example. 
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31.5 


Synthetic Polymers 1049 


Solutions to Problems 


Моя reactive ———————— Least reactive 
Нос —CHOgHs > Нос —CHCH; > H5C =CHCI > Нос —CHCO5CH3 


The alkenes most reactive to cationic polymerization contain electron-donating functional 
groups that can stabilize the carbocation intermediate. The reactivity order of substituents 
in cationic polymerization is similar to the reactivity order of substituted benzenes in 
electrophilic aromatic substitution reactions. 


Most reactive ae Least reactive 


HyC=CHC=N > HyC=CHCgHs > HpC=CHCH3 


Anionic polymerization occurs most readily with alkenes having electron-withdrawing 


substituents. 
HoC= CH нс CH нс— CH HaC CH Hot CH 


M 7:Bu Bu UR BU = 


The intermediate anion can be stabilized by resonance involving the phenyl ring. 


"d x 
n НС=СС ——— D 
х » 


Vinylidene chloride doesn't polymerize in isotactic, syndiotactic or atactic forms because 
no asymmetric centers are formed during polymerization. 


None of the polypropylenes rotate plane-polarized light. If an optically inactive reagent 
and an achiral compound react, the product must be optically inactive. For every chirality 
center generated, an enantiomeric chirality center is also generated, and the resulting 
polymer mixture is optically inactive. 
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31.6 
нз GHs / Нз uc N 
H* | i 
п Н2СЕССНЕСН» + n HC=Ç —= -T CH,C— CHCH;CH;C == 
\ / 
сн; oe 
2-Methyl-1 .3- 2-Methylpropene 
butadiene 
31.7 
и N In Г N 
-—-СньОН =CHCH;—— — —~CH CH =CHCH — 
М An М ^ Án 
| m HaC —CHOgHs 
-Ê CHCH =CHCH X polybutadiene chain 
N | | An 
/ CHp \ 
\ CHCH —L polystyrene chain 
x т 
Irradiation homolytically cleaves an allylic С-Н bond because it has the lowest bond 
energy. The resulting radical adds to styrene to produce a polystyrene graft. 
31.8 
1 T 
n HOCH »CHZOH + n ec он = 
Q О. 
{ || Ho 
"X OCH2CH0—C С = 
РЕТ 
31.9 _ 
R i R O | 
N oe \ А \ и 
МЕС =0 ——»-5 IN—C —— N—C 
JAT СА / \ 
Mid OR' H OR' 
= ^ 
нов L H 


а urethane 
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T 
B | ; ЈАС 


; H CH 
| 9-Decadiene ne | 2 
| catalyst 
и X 
Ка + n ННС=СНЬ 
N 
Vestenamer ^ 


Vestenamer can be formed by an ADMET synthesis using 1,9-decadiene. 


catalyst и ` 
д — 5k E 
` Vestenamer n 


Vestenamer is usually synthesized from cyclooctene by a ROMP polymerization. 


ft 


Norbornene Norsorex 


Norbornene undergoes ROMP polymerization to yield Norsorex. 


Natural rubber 
HC =CHo + Ho C = CH» 


The product of hydrogenation of natural rubber ts atactic. This product also results from 
the radical copolymerization of propene with ethylene. 
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31.12 
ГҮ Фон А 
H—A ` 
, T 
И sag 
H H C oar 
H^ ^H 


OH ‘> OH 
_ 7 OH 


This product, formed by electrophilic aromatic substitution, can react many times with 
additional formaldehyde and phenol to yield Bakelite. Reaction occurs at both ortho and 
para positions of phenol. 


Visualizing Chemistry 


31.13 


The polymer is a polycarbonate synthesized from the above monomer units. 
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31.14 


E [^ N /n 
сз. 


Both of these polymers are chain-growth polymers. То draw the polymer in (a), break the 
double bond, and draw its extensions, one on each side of the former double bond. In (b), 
break both double bonds and draw extensions at both ends of the former diene. The 
remaining double bond migrates to a position between the double bonds of the former 
diene. 


Mechanism Problems 


31.15 
7% 
ee 
б н2С— СН» 
TN E ms 
H4C— CH, ——- HOCH; — CH30;-.^ ——e HOCH;CH50 — CH5CH5O: ~. 
А .. vt A 
но: — repeal (б j 
" many TNE 
times HC —CHp 


HOCH4CH50 - CHaCH30 — 
№ " n 


31.16 (a) The diamine is formed by an electrophilic aromatic substitution reaction of 
formaldehyde with two equivalents of aniline. 


H 3 
= — ых. 
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31.17 


31.18 


Chapter 31 


(b) The diamine reacts with two equivalents of phosgene. 


| | Sie с 
[es „©! Cl. ^. Cl D ы ^ Tr 
T i | 
fe N = 

| (20% fey 2 OH | 
Е м” мч. д 
Q о | 
i i jp x | 
CICHN СН? NHCCI =~ HN CH; M | 
ны | ace ter 

+2 СГ | 2 HCI U* XC +2 НО С» > 


п О=С=М - Sow, ВЕ + л НОСН,СН,ОН 
/ Я О x 

tow Sees owe —OCH35CH30 —- 
it 1 n 


Step 1: Polystyrene and the phthalimide combine in an electrophilic aromatic substitution 
reaction 


+CH —CH -5 | &CHa — CH, &CH2—CHj, : £CH2—CHj 
NC 4 B. 2 
"сн он PEG NU | 
2 me у 2 ra He 
N № a N N 
Ox. © O 20 Ou y 0 О О 
» E 
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Step 2: The phthalimide is cleaved in a series of steps that involve nucleophilic acyl 
substitution reactions. 


и N 
Let СН Сн), = А 


Г 
HaN= NH2 в, 
| О М HN = NH» 
BN ев — 
attack of | proton 
nucleophile | shift 
ring. 
| opening 
+ E 
Lss О Y : 
-— Р | 
> =_= | 
proton attack of 
shift nucleophile 
+ ud d ` 
HN—NH АМН = {CH —CH>, 
О О 
CHyNH» 
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31.19 (a) 
E 

g » heat <> L> 
+ Ж = Г) — н H 
Cyclopentadiene | Dicyclopentudiene 
Dicyclopentadiene is formed by a Diels—Alder cycloaddition of two molecules of 
cyclopentadiene. 

(b) 

(c) 


Crosslinking takes place when the remaining double bond of dicvclopentadiene is 
involved in the polymerization process. 


Additional Problems 


31.20 
(a) H Р SN 
n C—O — —-CH—0— 
РА © 2n 
H 


Chain-growth 
polymer 
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F Ci 
p cR of : ; 
п с=С — CF —CFCI -+ 
РА \ x 4p 
F г NOR 
Chain-growth 
polymer 
(с) ры я 
e А [ 
п NH ——- —-NHCHCH CHC -r + n НО 
Ы ^n 
/ 7 3 Step-growth 


\п Н2МСН»СН»СН2С — OH polymer 


(d) fi P: T \ 
п e-( jose om о 2-794 + n ЊО 


~ 


Step-growth 
polymer 
T 


(e) / П\ 
п o о + n БОСОВ —- Lo 9-6. 
b N, Án 


Step-growth + 20. ROH 
polymer 


31.21 Remember that isotactic polymers have identical groups оп the same side of the polymer 
backbone. Syndiotactic polymers have alternating identical groups along the polymer 
backbone. Atactic polymers have a random orientation of groups. 


(a) CN H H CN CNH сманн CN 
/ Р и КА и J 
Syndiotactic polyacrylonitrile 


(b) COsCH3 COsCH3 СНз CO5CHa CH3 


(c) © H CI H CI H CI H Ci на H 
/ é " 


А 4 е . А А 


lsolactic polyvinyl chloride) 
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31.22 


| T 
n woot Seres +n root) онаң 


x 


О 

ЕН |] à 
е7 сно + 2n НО 
\ Án 


Kodel 
31.23 
О О 
| UY | MB 
n 
| heat ие 
OH OH H 


m 
H j n 


Ring opening of the epoxide occurs by an Sn2 pathway at the less substituted epoxide 
carbon. 


q Я 
n HoN NH; „е 27 T 
Cr : CY 
см v “У + 2n на 
\н H 


^ 
Y 


31.24 


a 


Nomex 
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31.25 
О О О О 
T T / T И N 
n H3N(CH5),oNH» * n HOC(CH»)gCOH — =e MEH oh СОНЯ 
x 
Nylon 10.10 *2n НО 
31.26 


N 


— ж — = 
repeat many Unies 


Polycyclopentadiene 


31.27 p-Divinylbenzene is incorporated into the growing polystyrene chain. 


CgHsCH— CH, 
repeat many 
times 


Another growing polymer chain reacts with the second double bond of p-divinylbenzene. 


—$-CH,CH—CH,CH 4 + peo -$-CH,CH—CH,CH 


CH CH; *СНСН» —снсн, $- 


The final product contains polystyrene chains cross-linked by p-divinylbenzene units. 
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-Боньон-снон-— 3-CH,CH —CH,CH p 


| ES CgHgCH— CHa _ 
P 


* CHCHz— снсн› $- CHCH — CHCH? — CHCH > 


» 564 


31.28 The white coating on the distillation flask is due to the thermal polymerization of 


nitroethylene. 
. heat á N 
n HaG-—UM —— ———GHs—6H—- 
| Хх i ^n 
NO; NO. 


31.29 Poly(vinyl alcohol) is formed Бу chain-growth polymerization of vinyl acetate, followed 
by hydrolysis of the acetate groups. 


п CHo=CH == -LCH,—CH—. SH cH, сн} 
| N [ м но \ | n 
OCOCHs OCOCHs OH 


Reaction of poly(vinyl alcohol) with butanal to form the poly(cyclic acetal) produces 
poly(vinyl butyral). 


Poly(vinyl butvral) 
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31.30 
^s = E PN "d т, т 
102) а :0 
a7? iis “т -О: Я CCE? | 
HO: т б = HOCCH;CH50: ! 
9 О о я 
T il _ КЕ a Ме 
HOCCH3CH;O — CCHaCH4O ' HOCCH;CH;O 9: 
| repeat many times 
Ж \ 
—-OCCH.CH,0 — 
The polymer is à polyester. 
31.31 


HOCH2CHCH2OH 


оо | 
/7 NI 


Сури 


Use of glycerol as a monomer causes the cross-linking that gives Glyptal its strength. 
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31.32 Repeated nucleophilic асу! substitution reactions result in the formation of Melmac. 


HoN М МН2 “НМ М М=СНЬ. HoN „М NH9 
T ccc MO TI з ` Сү 
E d d : is di 


NH3 2 NH2 NH» 


n 
= N [ ) N Y MNS ONO ONHCHAH, ON. NH 
OY re EOT 
T „ео ү rd 


AN uk ANM many h NH» NH> 


times 
Мата 
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31.33 (a) 
js : 2d 
Jer Vo: 
A BX) T3 Ж 8 / К PE 
CICH5CH — CH C О: Н.С — CHCH3CI 
: А WA a 5 _ * - 


bor mes 


210: Ее 7 ПО 

Y | | и \ | 
Cl бнбнсно— — )—6 OCH,CHÓH, — o 
1 TE к 


[e] == СВ Oo 
ZN i ZN 
HeC—CHCHO—A —G OCH5CH — CH; 
CH, 
H Qi 
Sis Y x А ` А T 
:0 Ç 0:, нс —CHCH;CI 


repeat several times 


с ВЕ H OH А CH. 
P, T s / NN | Т B no. 
Нос = CHCH5- о \, / ү ОСН»СНСН2 " OCH2CH — CHo 
- сна 7 in CHa 

where nis a smal number 


The prepolymer contains epoxide rings and hydroxyl groups. Copolymerization 
with a triamine occurs at the epoxide ends of the prepolymer. 


(b) 
+ va 
— "S Eom ооңднон-о os (Уе OCH. Do 
di 
P 
pe 
N r ee CH4 
Hi | | СУ, + 
СН»СНСН? +O \ A N 86 Е OCR, Pene O oce 
і i 
OH L А H3 A + 


Cross-linking occurs when the triamine opens epoxide rings on two different chains 
of the prepolymer. 
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31.34 
О О О 
I i i 
C C C 
HN Снн, + omo ез, NT pP 8 
MADE 
Be Sr RE 
31.35 
CHaCHs 
1. NaOH, ЕЮН 
2 CHa4CH35CH3CHO ZONE Т CH4CH3CH5CH = CCHO 
| 1. NaBH, 
2. Но? 
CHaCHs CHoCHs 


H 
CHgCHaGH2CH2CHCH2OH в CH34CH5CH5CH —- CCH20H 
ад 


3-Ethyl- | -hexanol 
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Review Unit 12: Pericyclic Reactions, Synthetic Polymers 


Major Topics Covered (with vocabulary): 

Pericyclic reactions: 

pericyclic reaction concerted reaction symmetry-allowed symmetry-disallowed frontier 
orbitals HOMO LUMO  electrocyclic reaction disrotatory motion cenrotatory motion 
cycloaddition reaction — suprafacial cycloaddition — antarafacial cycloaddition — sigmatropic 
rearrangement —suprafacial rearrangement — antarafacial rearrangement Cope rearrangement 
Claisen rearrangement 

Synthetic polymers: 

chain-growth polymer Ziegler-Natta catalyst — isotactic — syndiotactic — atactic 
homopolymer copolymer block copolymer graft copolymer  step-growtb polymer 
polycarbonate polyurethane olefin metathesis Grubbs catalyst ADMET ROMP 
crystallite melt transition temperature glass transition thermoplastic — fiber 
elastomer thermosetting resin plasticizer 


Types of Problems: 
After studying these chapters, you should be able to: 


— Understand the principles of molecular orbitals, and locate tic HOMO and LUMO of 
conjugated z systems. 

— Predict the stereochemistry of thermal and photochemical electrocyclic reactions. 
Know the stereochemical requirements for cycloaddition reactions, and predict the products 
of cycloadditions. 

— Classify sigmatropic reactions by order and predict their products. 

= Know the selection rules for pericyclic reactions. 

— Locate the monomer units of a polymer; predict the structure of a polymer, given its 
monomer units. 

— Formulate the mechanisms of radical, cationic, anionic, and step-growth polymerizations. 

— . Understand the stereochemistry of polymerization, and draw structures of atactic, isotactic, 
and syndiotactic polymers. 

= . Understand copolymerization, graft polymerization and block polymerization. 

—  Selsct monomers to form products by olefin metathesis. 


Points to Remember: 


* Just because a reaction is symmetry-disallowed doesn't mean that it can’t occur. Reactions 
that are symmetry-allowed occur by relatively low-energy, concerted pathways. Reactions 
that are symmetry-disallowed must take place by higher energy, nonconcerted routes. 


* To predict if a reaction is symmetry-allowed, it is only necessary to be concerned with the 
signs of the outermost lobes. 


+ — Те notations in brackets in а sigmatropic rearrangement refer to ihe positions in the 
migrating groups to which migration occurs. 
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Review Unit 12 


The stereochemical outcome of a concerted reaction run under thermal conditions 1s always 
opposite to the stereochemical outcome of the same reaction run under photochemical 
conditions. 


To show the monomer unit of a chain-growth polymer. find the smallest repeating unit, 
break the polymer bonds, and draw the monomer with its original double bond in place. To 
show the monomer unit of a step-growth polymer, find the smallest repeating unit, break 
the polymer bonds, and draw the monomer unit or units with the small molecules that were 
displaced by polymerization added to the monomer units. 


Fishhook arrows are used to show movement of single electrons. 


Self-test: 


| | FX их 
BN HəC=CCO;CH CHCH; НС —CH —CH СН, 
\ А В C 


What type of reaction is occurring in A? Describe it by order and type. If the reaction of the 
stereoisomer shown proceeds readily, is the reaction being carried out under thermal or 
photochemical conditions? 


Under what conditions would you expect monomer B to polymerize? (Actually it 
polymerizes well under all conditions), Is the polymer a chain-growth or a step-growth 
polymer? Draw a representative segment of the polymer. 


Suggest a use for C in polymerizations. 
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Multiple choice: 


1. 


In which orbitals do the outermost lobes have opposite signs on the same side of the 
л system? 

(a HOMO in the ground state of a 2 л electron system 

(b HOMO in the excited state of a 4 л electron system 

(c) LUMO in the excited state of a 6 z electron system 

(d) HOMO in the ground state of a 4 z electron system 


Which reaction is symmetry-disallowed? 

(a) conrotatory photochemical ring-opening of a 6 z electron system 

(b) suprafacial thermal cycloaddition of a 6 л electron system 

(c) antarafacial thermal sigmatropic rearrangement of a 4 z electron system 
(d) antarafacia] photochemical cycloaddition of a 6 л clectron system 


Which of the following reactions is symmetry-allowed but geometricaliy constrained? 
(a) thermal electrocyclic reaction of a 4 z electron system 

(b) photochemical cycloaddition of a 4 л electron system 

(c) thermal sigmatropic rearrangement of a 4 л electron system 

(d) photochemical electrocyclic reaction of a 4 л electron system 


АП of the following sigmatropic rearrangements involve 6 z clectrons except: 

(a) rearrangement of allyl phenyl ether to o-allyl phenol 

(b) rearrangement of 1,5-heptadiene to 3-methyl-1,5-hexadiene 

(c) rearrangement of 1,3,5-heptatriene in which a hydrogen atom migrates across the z 
system 

(d) rearrangement of homotropilidene 


Consider the 4 л electron thermal electrocyclic reactions of two double-bond stereoisomers. 
АП of the following are true except: 

(a) опе reaction is concerted and one isn't 

(b) the equilibrium lies on the side of the ringopened product 

(c) the reaction proceeds with conrotatory motion 

(d) The ring-closed products are stereoisomers 


Which of the following monomers is most likely to undergo cationic polymerization? 
(a  HoCeCF: 

(b) H2C=CH2 

(c) formaldehyde 

(d) HeC=C(CH3)2 


Which of the following is not a copolymer? 


(a) Saran 
(b) Nylon 6 
(c) Dacron 
(d) Lexan 
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8. In which step-growth polymer is an alcohol the by product? 
(a) polyester 
(b) polyamide 
(c) polyurethane 
(d) polycarbonate 


9. Which type of polymer has large regions of oriented crystallites and little or no 


crosslinking? 
(a) a thermoplastic 
(b) a fiber 


(с) an elastomer 
(d) а thermosetting resin 


10. А copolymer formed by irradiating a homopolymer in the presence of a second monomer is 
called a; 
(a) random copolymer 
(b) alternating copolymer 
(c) graft copolymer 
(d) block copolymer 
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Answers to Practice Your Scientific Reasoning I - VII 


Practice Your Scientific Analysis and Reasoning 1 
The Chiral Drug Thalidomide 
1. B 


D 
A 
A 
A 


wv ow ә 


Practice Your Scientific Analysis and Reasoning II 
From Mustard Gas to Alkylating Anticancer Drugs 
l. 


С > ш ш 


2: 
3. 
4 
Practice Your Scientific Analysis and Reasoning III 
Photodynamic Therapy (PDT) 

l. A 

2. D 

3. B 

4. В 

Practice Your Scientific Analysis and Reasoning IV 
Selective Serotonin Reuptake Inhibitors (SSRIs) 


le. „С 


2. 
3. 
4 
5 


шос 
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Answers to Practice Your Scientific Reasoning 


Practice Your Scientific Analysis and Reasoning V 


Thymine in DNA 
1. B 
2 C 
3. А 
4 D 
5 С 
6 С 


Practice Your Scientific Analysis and Reasoning VI 


Melatonin und Serotonin 


1 
2 
3. 
4. 
5 
6 


Practice Your Scientific Analysis and Reasoning УП 
The Potent Antibiotic of Endiandric Acid C 


dA eei 


D 


A 
C 
B 
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Functional-Group Synthesis 


The following table summarizes the synthetic methods by which important functional groups can 
be prepared. The functional groups arc listed alphabetically, followed by reference to the 
appropriate text section and a brief description of each synthetic method. 


Acetals, R2C(OR')2 
(Sec. 19.10) from ketones and aldehydes by acid-catalyzed reaction with alcohols 


Acid anhydrides, RCO2:COR' 
(Sec. 21.3) from dicarboxylic acids by heating 
(Sec. 21.5) from acid chlorides by reaction with carboxylate salts 


Acid bromides, RCOBr 


(Sec. 21.4) from carboxylic acids by reaction with РВгз 
Acid chlorides, RCOCI 
(Sec. 21.3) from carboxylic acids by reaction with SOCk 
Alcohols, ROH 
(Sec. 8.4) from alkenes by oxymercuration/demercuration 
(Sec. 8.5) from alkenes by hydroboration/oxidation 
(Sec. 8.7) from alkenes by hydroxylation with OsO4 
(Sec. 11.2, 11.3} from alkyl halides and tosylates by Sn2 reaction with hydroxide ion 
(Sec. 18.3) from ethers by acid-induced cleavage 
(Sec. 18.6) from epoxides by acid-catalyzed ring opening with cither H20 or HX 
(Sec. 18.6) from epoxides by base-induced ring opening 


(Sec. 17.4, 19.7) from ketones and aldehydes by reduction with NaBHa or LiAlHa 
(Sec. 17.5, 19.7) from ketones and aldehydes by addition of Grignard reagents 


(Sec. 21.3) from carboxylic acids by reduction with either LiAIHa or BHs 
(Sec. 21.4) from acid chlorides by reduction with LiAIH4 

(Sec. 21.4} from acid chlorides by reaction with Grignard reagents 

(Sec. 21.5} from acid anhydrides by reduction with LiAIHa 


(Sec. 17.4, 21.6) from esters by reduction with LiAlHa 
(Sec. 17.5, 21.6) from esters by reaction with Grignard reagents 


Aldehydes, RCHO 
(Sec. 8.8) from disubstituted alkenes by ozonolysis 
(Sec. 8.8) from 1.2-diols by cleavage with sodium periodate 
(Sec. 9.4) from terminal alkynes by hydroboration followed by oxidation 


(Sec. 17.7, 19.2) from primary alcohols by oxidation 
(Sec. 19.2, 21.6) from esters by reduction with DIBAH [HAI(-Bu)z] 


Alkanes, RH 
(Sec. 8.6} from alkenes by catalytic hydrogenation 
(Sec. 10.5) from alkyl halides by protonolvsis of Grignard reagents 
(Sec. 10.7) from alkyl halides by coupling with Gilman reagents 
(Sec. 19.9) from ketones and aldehydes by Wolff-Kishner reaction 
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Alkenes, R:C-CR; 
(Sec. 8.1, 11.8) 
(Sec. 8.1, 17.6) 


from alkyl halides by treatment with strong base (E2 reaction) 
from alcohols by dehydration 


(Sec. 9.5) from alkynes by catalytic hydrogenation using the Lindlar catalyst 

(Sec. 9.5) from alkynes by reduction with lithium in liquid ammonia 

(Sec. 19.11) from ketones and aldehydes by tzeatment with 
alkylidenetriphenylphosphoranes (Wittig reaction) 

(Sec. 22.3) from a-bromo ketones by heating with pyridine 

(Sec. 24.7) from amines by methylation and Hofmann elimination 


Alkynes, RC-CR 


(Sec. 9.2) from dihalides by base-induced double dehydrohalogenation 
(Sec. 9.8) from terminal alkynes by alkylation of acctylide anions 
Amides, RCONH; 
(Sec. 21.3) from carboxylic acids by heating with ammonia 
(Sec. 21.4) from acid chlorides by treatment with an amine or ammonia 
(Sec. 21.5) from acid anhydrides by treatment with an amine or ammonia 
(Sec. 21.6) from esters by treatment with an amine or ammonia 
(Sec. 20.7) from nitriles by partial hydrolysis with either acid or base 
(Sec. 26.7) from a carboxylic acid and an amine by treatment with 
dicyclohexylcarbodiimide (DCC) 
Amines, RNH; 
(Sec. 19.13) from conjugated enones by addition of primary or secondary amines 


(Sec. 21.7, 24,6) from amides by reduction with LiATHa 
(Sec. 20.7, 24.6) from nitriles by reduction with LiAIHa 


(Sec. 24.6) from primary alkyl halides by treatment with ammonia 

(Sec. 24.6) from primary alkyl halides by Gabriel synthesis 

(Sec. 24.6) from primary alkyl azides by reduction with МАША 

(Sec. 24.6) from acid chlorides by Curtius rearrangement of acyl azides 

(Sec. 24.6) from primary amides by Hofmann rearrangement 

(Sec. 24.6) from ketones and aldehydes by reductive amination with an amine and 


NaBH3CN 


Amino Acids, RCH(NH2)CQoH 


(Sec. 26.3) from a-bromo acids by 5м2 reaction with ammonia 
(Sec. 26.3) from a-keto acids by reductive amination 
(Sec. 26.3) from primary alkyl halides by alkylation with diethyl acetamidomalonate 


(Sec. 26.3) 


Arenes, Ar-R 


from (Z)-amido acids by enantioselective hydrogenation 


(Scc. 16.3) from arenes by Friedel- Crafts alkylation with an alkyl halide 
(Sec. 16.10) from aryl alkyl ketones by catalytic reduction of the keto group 
(Sec. 24.8) from arenediazonium salts by treatment with hypophosphorous acid 
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Arylamines, Ar-NH; 
(Sec. 16.2, 24.6) from nitroarenes by reduction with either Fe, Sn, or H2/Pd. 


Arenediazonium salts, Ar—N2* X^ 
(Sec. 24.8) from arylamines by reaction with nitrous acid 


Arenesulfonic acids Ar-SO:H 
(Sec. 16.2) from arenes by electrophilic aromatic substitution with SO3/H2SO4 


Azides, R-N; 
(Sec. 11.2, 24.6} from primary alkyl halides by Sn2 reaction with azide ion 


Carboxylic acids, RCO;H 


(Sec. 8.8) from mono- and 1,2-disubstituted alkenes by ozonolysis 

(Sec. 16.9) from arenes by side-chain oxidation with Na2Cr207 or KMnO4 

(Sec. 19.3) from aldehydes by oxidation 

(Sec. 20.5) from alkyl halides by conversion into Grignard reagents followed by 


reaction with CO; 
(Sec. 20.5, 20.7) from nitriles by acid or base hydrolysis 


(Sec. 21.4) from acid chlorides by reaction with aqueous base 
(Sec. 21.5) from acid anhydrides by reaction with aqueous base 
(Sec. 21.6) from esters by hydrolysis with aqueous base 

(Sec. 21.7) from amides by hydrolysis with aqueous base 


Cyanohydrins, RCH(OH)CN 


(Sec. 19.6) from aldehydes and ketones by reaction with HCN 
Cycloalkanes 
(Sec. 8.9) from alkenes by addition of dichlorocarbene 
(Sec. 8.9) from alkenes by reaction with CH21» and Zn/Cu (Simmons-Smith 
reaction) 
(Sec. 16.10) from arenes by hydrogenation 


Disulfides, RS-SR' 
(Sec. 18.8) from thiols by oxidation with bromine 


Enamines, RCH2-CRNR; 


(Sec. 19.8) from ketones or aldehydes by reaction with secondary amines 
о 
R C—CR 
Epoxides, 2 2 
(Sec. 8.9, 18.5} from alkenes by treatment with a peroxyacid 
(Sec. 18.5) from halohydrins by treatment with base 
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Esters, КСО_В' 


(5ес. 
(Sec. 


(Sec. 


(Sec. 
(Sec. 
(Sec. 


21.3) 
21.3) 


21.4) 
21.5) 
22.7) 
22.7) 


Ethers, R-O-R' 


(Sec. 
(Sec. 


(Sec. 


(Sec. 
(Sec. 


Halides., 
(Sec. 
(Sec. 
(Sec. 


(Sec. 


(Sec. 


(Sec. 
(Sec. 
(Sec. 
(Sec. 
(Sec. 
(Sec. 
(Sec. 
(Sec. 
(Sec. 


Halides, aryl, Ar-X 


(Sec. 


16.7) 
16.8) 


18.2) 
18.2) 
18.5) 


7.7) 


82) 
8.3) 


9.3) 
9.3) 


10.3) 
10.5) 
10.5) 
10.5) 
11.2, 11.3) 
16.9) 
18.3) 


22.3) 
22.4) 


16.1, 16.2) 


(Зес. 24.8) 


Functional-Group Synthesis 


from carboxylic acid salts by Sn2 reaction with primary alkyl halides 

from carboxylic acids by acid-catalyzed reaction with an alcohol (Fischer 
esterification) 

from acid chlorides by base-induced reaction with an alcohol 

from acid anhydrides by base-induced reaction with an alcohol 

from alkyl halides by alkylation with diethyl malonate 

from esters by treatment of their enolate ions with alkyl halides 


from activated haloarenes by reaction with alkoxide ions 

from unactivated haloarenes by reactton with alkoxide ions via benzyne 
intermediates 

from primary alkyl halides by Sx2 reaction with alkoxide ions 
(Williamson ether synthesis) 

from alkenes by alkoxymercuration/demercuration 

trom alkenes by epoxidation with peroxyacids 


alkyl, RsC-X 


from alkenes by electrophilic addition of HX 

from alkenes by addition of halogen 

from alkenes by electrophilic addition of hypohalous acid (HOX) to yield 
halohydrins 

from alkynes by addition of halogen 

from alkynes by addition of HX 

from alkenes by allylic bromination with N-bromosuccinimide (NBS) 

from alcohols by reaction with HX 

from alcohols by reaction with SOCI 

from alcohols by reaction with РВтз 

from alkyl tosylates by Sn2 reaction with halide ions 

from arenes by benzylic bromination with N-bromosuccinimide (NBS) 

from ethers by cleavage with either HX 

from ketones by a-halogenation with bromine 

from carboxylic acids by a-halogenation with phosphorus and PBr: (Hell- 
Volhard-Zelinskii reaction) 


from arenes by electrophilic aromatic substitution with halogen 
from arenediazonium salts by reaction with cuprous halides (Sandmeyer 
reaction) 


Halohydrins, RxXCXC(OH)R; 


(Sec. 8.3) 
(Sec. 18.6) 


from alkenes by electrophilic additton of hypohalous acid (HOX) 
from epoxides by acid-induced ring opening with HX 
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Imines. R2C=NR' 
(Sec. 19.8) from ketones or aldehydes by reaction with primary amines 


Ketones, RoC=O 


(Sec. 8.8) from alkenes by ozonolysis 

(Sec. 8.7) from 1,2-diols by cleavage reaction with sodium periodate 

(Sec. 9.4) from alkynes by mercuric-ion-catalyzed hydration 

(Sec. 9.4) from alkynes by hydroboration/oxidation 

(Sec. 16.3) from arenes by Friedel-Crafts acylation reaction with an acid chloride 


(Sec. 17.7, 19.2) from secondary alcohols by oxidation 
(Sec. 19.2, 21.4} from acid chlorides by reaction with lithium diorganocopper (Gilman) 


reagents 
(Sec. 19.13) from conjugated enones by addition of lithium diorganocopper reagents 
(Sec. 20.7) from nitriles by reaction with Grignard reagents 
(Sec. 22.7) from primary alkyl halides by alkylation with ethyl acetoacetate 
(Sec. 22.7) from ketones by alkylation of their enolate ions with primary alkyl halides 


Nitriles, R-C=N 
(Sec. 11.3, 20.7} from primary alkyl halides by Sn2 reaction with cyanide ion 


(Sec. 20.7) from primary amides by dehydration with SOCI? 
(Sec. 22.7) from nitriles by alkylation of their a-anions with primary alkyl halides 
(Sec. 24.8) from arenediazonium 10ns by treatment with CuCN 


Nitroarenes, Ar-NO; 
(Sec. 16.2) from arenes by electrophilic aromatic substitution with nitric/sulfuric acids 


Organometallics, R-M 


(Sec. 10.6) formation of Grignard reagents from organohalides by treatment with 
magnesium 

(Sec. 10.7) formation of organolithium reagents from organohalides by treatment with 
lithium 

(Sec. 10.7) formation of lithium diorganocopper reagents (Gilman reagents) from 


organolithium reagents by treatment with cuprous halides 


Phenols, Аг-ОН 
(Sec. 24.8) from arenediazonium salts by reaction with Си2О and Cu(NO3)? 
(Sec. 16.7) from aryl halides by nucleophilic aromatic substitution with hydroxide ion 


o- _у=о 
Quinones, 


(Sec. 17.10) from phenols by oxidation with Fremy’s sait [((KSO3»2NO] 


Sulfides, R-S-R' 
(Sec. 18.8) from thiols by Sn2 reaction of thiolate ions with primary alkyl halides 
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Sulfones, R-SO;-R' 
(Sec. 18.8) from sulfides or sulfoxides by oxidation with peroxyacids 


Sulfoxides, R-SO-R' 


(Sec. 18.8) from sulfides by oxidation with H202 
Thiols, R-SH 
(Sec. 11.3) from primary alkyl halides by Sn2 reaction with hydrosulfide anion 
(Sec. 18.8) from primary alkyl halides by Sn2 reaction with thiourea, followed by 
hydrolysis 
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Functional-Group Reactions 


The following table summarizes the reactions of important functional groups. The functional 
groups are listed alphabetically, followed by a reference to the appropriate text section. 


Acetal 
1. Hydrolysis to yteld a ketone or aldehyde plus alcohol (Sec. 19.10) 


Acid anhydride 
1. Hydrolysis to yield a carboxylic acid (Sec. 21.5) 
2. Alcoholysis to yield an ester (Sec. 21.5) 
3. Aminolysis to yield an amide (Sec. 21.5) 
4, Reduction to yield a primary alcohol (Sec. 21.5) 


Acid chloride 

Friedel-Crafts reaction with an aromatic compound to yield an aryl ketone (Sec. 16.3) 
Hydrolysis to yield a carboxylic acid (Sec. 21.4) 

Alcoholysis to yield an ester (Sec. 21.4) 

Aminolysis to yield an amide (Sec. 21.4) 

Reduction to yield a primary alcohol (Sec. 21.4) 

Grignard reaction to yield a tertiary alcohol (Sec. 21.4) 

Reaction with a lithium diorganocopper reagent to yield a ketone (Sec. 21.4) 


SOME ee 


Alcohol 

]. Acidity (Sec. 17.2) 

2. Oxidation (Sec. 17.7) 
a. Reaction of a primary alcohol to yield an aldehyde or acid 
b. Reaction of a secondary alcohol to yield a ketone 
Reaction with a carboxylic acid to yield an ester (Sec. 21.3) 
Reaction with an acid chloride to yield an ester (Sec. 21.4) 
Reaction with an acid anhydride to yield an ester (Sec. 21.5) 
Dehydration to yield an alkene (Sec. 17.6) 
Reaction with a primary alkyl halide to yield an cther (Sec. 18.2) 
Conversion into an alkyl halide (Sec. 17.6) 
a. Reaction of a tertiary alcohol with HX 
b. Reaction of a primary or secondary alcohol with SOCI? 
c. Reaction of a primary or secondary alcohol with РВиз 


a е ш? 


Aldehyde 
1. Oxidation to yield a carboxylic acid (Sec. 19.3) 
2. Nucleophilic addition reactions 
Reduction to yield a primary alcohol (Secs. 17.4, 19.7) 
Reaction with a Grignard reagent to yield a secondary alcohol (Secs. 17.5, 19.7) 
Grignard reaction of formaldehyde to yield a primary alcohol (Sec. 17.5) 
Reaction with HCN to yield a cyanohydrin (Sec. 19.6) 
Wolff-Kishner reaction with hydrazine to yield an alkane (Sec. 19.9) 
Reaction with an alcohol to yield an acetal (Sec. 19.10) 
Wittig reaction to yield an alkene (Sec. 19.11) 


о "^o hoe р 
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h. Reaction with an amine to yield an imine or enamine (Sec. (9.8) 
3. Aldolreaction to yield a B-hydroxy aldehyde (Sec. 23.1) 
4. Alpha bromination of an aldehyde (Sec. 22.3) 


Alkane 
1. Radical halogenation to vield an alkyl halide (Secs. 6.3, 10.3) 


Alkene 
1. Electrophilic addition of HX to yield an alkyl halide (Secs. 7.7-7.11) 
Markovnikov regiochemistry 1s observed. 
Electrophilic addition of halogen to yicld a 1,2-dihalide (Sec. 8.2) 
Oxymercuration/demercuration to yield an alcohol (Sec. 8.4) 
Markovnikov regiochemistry is observed, yielding the more highly substituted alcohol. 
Hydroboration/oxidation to yield an alcohol (Section 8.5) 
Hydrogenation to yield an alkane (Sec. 8.6) 
Hydroxylation to yield a 1,2-diol (Sec. 8.7) 
Oxidative cleavage to yield carbonyl compounds (Sec. 8.8) 
Simmons-Smith reaction with CH2D to yield a cyclopropane (Sec. 8.9) 
Reaction with dichlorocarbene to yield а dichlorocyclopropane (Sec. 8.9) 
0. Allylic bromination with NBS (Sec. 10.4) 
1. Alkoxymercuration to yield an ether (Sec. 18.2) 
2. Reaction with a peroxyacid to yield an epoxide (Sees. 8.7, 18.5) 


wh 


ер Me ОО IOS uA e 


1. Electrophilic addition of HX to yield a vinylic halide (Sec. 9.3) 
2. Electrophilic addition of halogen to yield a dihalide (Sec. 9.3) 
3. Mercuric-sulfate-catalyzed hydration to yield a methyl ketone (Sec. 9,4) 
4. Hydroboration‘oxidation to yield an aldehyde (Sec. 9.4) 
5. Alkylation of an alkyne anion (Sec. 9.8) 
6. Reduction (Sec. 9.5) 
а. Hydrogenation over Lindlar catalyst to yield a cis alkene 
b. Reduction with ГИМН; to yield a trans alkene 


Amide 
l. Hydrolysis to yield a carboxylic acid (Sec. 21.7) 
2. Reduction with LiAIHs to yield an amine (Sec. 21.7) 
3. Dehydration to yield a nitrile (Section 20.7) 


Amine 

]. Basicity (Sec. 24.3) 

2. Sw2alkylation of an alkyl halide to yield an amine (Sec. 24.6) 

3. Nucleophilic acyl substitution reactions 
a. Reaction with an acid chloride to yield an amide (Sec. 21.4) 
b. Reaction with an acid anhydride to yield an amide (Sec. 21.5) 

4. Hofmann elimination to yicld an alkene (Sec. 24.7) 

5. Formation of an arenediazonium salt (Scc. 24.8) 
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Functional-Group Reactions 


Oxidation of an alkylbenzene side chain to yield a benzoic acid (Sec. 16.9) 
Catalytic reduction to yield a cyclohexane (Sec. 16.10) 
Reduction of an aryl alkyl ketone to yield an arene (Sec. 16.10) 
Electrophilic aromatic substitution (Secs. 16.1-16.3) 
а. Halogenation (Secs. 16.1-16.2) 
b. Nitration (Sec. 16.2) 
c. Sulfonation (Sec. 16.2) 
d. Friedel-Crafts alkvlation (Sec. 16.3) 
Aromatic ring must be at least as reactive as a halobenzene 
e. Friedel-Crafts acylation (Sec. 16.3) 


Arenediazonium salt . 


1. 


a sae 


Conversion into an aryl chloride (Sec. 24.8) 
Conversion into an aryl bromide (Sec. 24.8) 
Conversion into an aryl iodide (Sec. 24.8) 
Conversion into an aryl cyanide (Sec. 24.8) 
Conversion into a phenol (Sec. 24.8) 
Conversion into an arene (Sec. 24.8) 


Carboxylic acid 


|. Acidity (Secs. 20.2-20.4) 
2. Reduction to yield a primary alcohol (Secs. 17.4, 21.3) 
a. Reduction with LIAIH4 
b. Reduction with BH: 
3. Nucleophilic acyl substitution reactions (Sec. 21.3) 
a. Conversion into an acid chloride 
b. Conversion into an acid anhydride 
c. Conversion into an ester 
(1) Fischer esterification 
(2) Sn2 reaction with an alkyl halide 
4. Alpha bromination (Hell—Volhard—Zelinskii reaction) (Sec. 22.4) 
Diene 
1. Conjugate addition of HX and X» (Sec. 14.2) 
2. Diels-Alder reaction (Secs. 14.4, 14.5, 30.5) 
Epoxide 
l. Acid-catalyzed ring opening with HX to yield a halohydrin (Sec. 18.6) 
2. Ring opening with aqueous acid to yield a 1,2-diol (Sec. 18.6) 
Ester 
1. Hydrolysis to yield a carboxylic acid (Sec. 21.6) 
2. Aminolysis to yield an amide (Sec. 21.6) 
3. Reduction to yield a primary alcohol (Secs. 17.4, 21.6) 
4. Partial reduction with DIBAH to yield an aldehyde (Sec. 21.6) 
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5. Grignard reaction to yield a tertiary alcohol (Secs. 17.5, 21.6) 
6. Claisen condensation to yield a f)-keto ester (Sec. 23.7) 


Ether 
1. Acid-induced cleavage to yield an alcohol and an alkyl halide (Sec. 18.3) 
2. Claisen rearrangement of an allyl aryl ether to yield an o-allyl phenol (Secs. 18.4, 30.8) 


Halide, alkyl 
1. Reaction with magnesium to form a Grignard reagent (Sec. 10.6) 
2. Reduction to yield an alkane (Sec. 10.6) 
3. Coupling with a diorganocopper reagent to yield an alkane (Sec. 10.7) 
4. Reaction with an alcohol to yield an ether (Sec. 18.2) 
5. Nucleophilic substitution (Sni or Sx2) (Secs. 11.1—11.5) 
6. Dehydrohalogenation to yield an alkene (E1 or E2) (Secs. 11.7-11.10) 


Halohydrin 
1. Conversion into an epoxide (Sec. 18.5) 


Ketone 
1. Nucleophilic addition reactions 
Reduction to yield a secondary alcohol (Secs. 17.4, 19.7) 
Reaction with a Grignard reagent to yield a tertiary alcohol (Secs. 17.5, 19.7) 
Wolff-Kishner reaction with hydrazine to yield an alkane (Sec. 19.9) 
Reaction with HCN to yield a cyanohydrin (Sec. 19.6) 
Reaction with an alcohol to yield an acetal (Sec. 19.10) 
Wittig reaction to yield an alkene (Sec. 19.11) 
Reaction with an amine to yield an imine or enamine (Sec. 19.8) 
2; А1401 reaction to yield а p-hydroxy ketone (Sec. 23.1) 
3. Alpha bromination (Sec. 22.3) 


љоро с 


ое 


Nitrile 
1. Hydrolysis to yicld a carboxylic acid (Secs. 20.5, 20.7) 
2. Reduction to yield a primary amine (Sec. 20.7) 
3. Reaction with a Grignard reagent to yield a ketone (Sec. 20.7) 


Nitroarene 
1. Reduction to yield an arylamine (Secs. 16.2, 24.6) 


Organometallic reagent 
1. Reduction by treatment with acid to yield an alkane (Sec. 10.6) 
2. Nucleophilic addition to a carbonyl compound to yield an alcohol (Secs. 17.5, 19.7) 
3. Conjugate addition of a lithium diorganocopper to an o, B-unsaturated ketone (Sec. 
19.13) 
4. Coupling reaction of a lithium diorganocopper reagent with an alkyl halide to yield 
analkane (Sec. 10.7) 
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5. Coupling reaction of a lithium diorganocopper with an acid chloride to yield a ketone 
(Sec. 21.4) 
6. Reaction with carbon dioxide to yield a carboxylic acid (Sec. 20.5) 


Phenol 
1. Acidity (Sec. 17.2) 
2. Reaction with an acid chloride to yield an ester (Sec. 21.4) 
3. Reaction with an alkyl halide to yield an ether (Sec. 18.2) 
4. Oxidation to yield a quinone (Sec. 17.10) 


Quinone 
1. Reduction to yield a hydroquinone (Sec. 17.10) 


Sulfide 
1 Reaction with an alkyl halide to yield a sulfonium salt (Sec. 18.8) 
2. Oxidation to yield a sulfoxide (Sec. 18.8) 
3. Oxidation to yield a sulfone (Sec. 18.8) 


Thiol 


1. Reaction with an alkyl halide to yield a sulfide (Sec. 18.8) 
2. Oxidation to yield a disulfide (Sec. 18.8) 
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Reagents in Organic Chemistry 


The following table summarizes the uses of some important reagents in organic chemistry. The 
reagents are listed alphabetically, followed by a brief description of the uses of each and references 
to the appropriate text sections. 


Acetic acid, CH3CO;H: Used as a solvent for the reduction of ozonides with zinc (Section 8.8) 
and the a-bromination of ketones and aldehydes with Br» (Section 22.3). 


Acetic anhydride, (CH3CO);O: Reacts with alcohols to yield acetate esters (Sections 21.5 
and 25.6) and with amines to yield acetamides (Section 21.5). 


Aluminum chloride, AICI3: Acts as a Lewis acid catalyst in Friedel-Crafts alkylation and 
acylation reactions of aromatic compounds (Section 16.3). 


Ammonia, NH3: Used as a solvent for the reduction of alkynes by lithium metal to yield trans 
alkenes (Section 9.5). 
— Reacts with acid chlorides and acid anhydrides to yield amides (Sections 21.4 and 21.5). 


Borane, ВНз: Adds to alkenes, giving alkylboranes that can be oxidized with alkaline H202 to 
yield alcohols (Section 8.5). 

— Adds to alkynes, giving vinylic organoboranes that can be oxidized with H2O» to yield 
aldehydes (Section 9.4). 

— Reduces carboxylic acids to yield primary alcohols (Section 21.3). 


Bromine, Вг: — Adds to alkenes, yielding 1,2-dibromides (Sections 8.2, 14.2). 

— Adds to alkynes yielding either 1,2-dibromoalkenes or 1,1,2,2-tetrabromoalkanes 
(Section 9.3). 

— Reacts with arenes in the presence of FeBr: catalyst to yield bromoarenes (Section 16.1). 

— Reacts with ketones in acetic acid solvent to yield a-bromo ketones (Section 22.3). 

— Reacts with carboxylic acids in the presence of PBr: to yield e-bromo carboxylic acids 
(Hell- Volhard-Zelinskii reaction; Section 22.4). 

— Oxidizes aldoses to yield aldonic acids (Section 25.6). 


N-Bromosuccinimide (NBS), (CH2CO):NBr: Reacts with alkenes in the presence of aqueous 
dimethylsulfoxide to yield bromohydrins (Section 8.3). 

— Reacts with alkenes in the presence of light to yield allylic bromides (Section 10.3). 

— Reacts with alkylbenzenes in the presence of light to yield benzylic bromides; 
(Section 16.9). 


Di-£ert-butoxy dicarbonate, (t-BuOCO);O: Reacts with amino acids to give ¢-Boc protected 
amino acids suitable for use in peptide synthesis (Section 26.7). 


© 2016 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


Reagents in Organic Chemistry 1083 


Butyllithium, CH: CH;CH;CHoLi: A strong base; reacts with alkynes to yield acetylide anions, 
which can be alkylated (Section 9.8). 

— Reacts with dialkylamines to yield lithium dialkylamide bases such as LDA 
[lithium diisopropylamide] (Section 22.5). 

— Reacts with alkyltriphenylphosphonium salts to yield alkylidenephosphoranes (Wittig 
reagents (Section 19.11). 


Carbon dioxide, CO»: Reacts with Grignard reagents to yield carboxylic acids 
(Section 20.5). 


Chlorine, Cb: Adds to alkenes to yield 1,2-dichiorides (Sections 8.2 and 14.2). 

— Reacts with alkanes in the presence of light to yield chloroalkanes by a radical chain reaction 
pathway (Section 10.2). 

— Reacts with arenes in the presence of FeCls catalyst to yield chloroarenes (Section 16.2). 


m-Chloroperoxybenzoic acid, т-СІСеН:СОЗН: Reacts with alkenes to yield epoxides 
(Sections 8.7, 18.5). 


Chlorotrimethylsilane, (CH3)3SiCi: Reacts with alcohols to add the trimethylsilyl protecting 
group (Section 17.8). 


Chromium trioxide, CrO:: Oxidizes alcohols in aqueous acid to yield carbonyl-containing 
products. Primary alcohols yield carboxylic acids, and secondary alcohols yield ketones 
(Sections 17.7 and 19.3). 


Cuprous bromide, CuBr: Reacts with arcnediazonium salts to yield bromoarenes 
(Sandmeyer reaction; Section 24.8). 


Cuprous chloride, CuCl: Reacts with arenediazonium salts to yield chloroarenes 
(Sandmeyer reaction; Section 24.8). 


Cuprous cyanide, CuCN: Reacts with arenediazonium salts to yield substituted benzonitriles 
(Sandmeyer reaction; Section 24.8). 


Cuprous iodide, Cul: Reacts with organolithiums to yield lithium diorganocopper reagents 
(Gilman reagents; Section 10.7). 


Cuprous oxide, СиО; Reacts with arenediazonium salts to yield phenols (Section 24.8). 


Dess-Martin periodinane, C7H4lO2(OAc)s: Oxidizes primary alcohols to aldehydes 
(Sections 17.7 and 19.2) 


Dichloroacetic acid, СЫСНСО?Н: Cleaves DMT protecting groups in DNA synthesis 
(Section 28.7). 


© 2016 Cengage Leaming. АЙ Rights Reserved, May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


1084 Reagents in Organic Chemistry 


Dicyclohexylcarbodiimide (DCC), C;SHi,-N—-C-N-C&6H;;: Couples an amine with a 
carboxylic acid to yteld an amide. DCC is often used in peptide synthesis (Section 26.7). 


Diethyl acetamidomalonate, CH CONHCH(CO:?Et);: — Reacts with alkyl halides in a 
common method of a-amino acid synthesis (Section 26.3). 


Diiodomethane, СН: Reacts with alkencs in the presence of zinc-copper couple to yield 
cyclopropanes (Simmons-Smith reaction; Section 8.9). 


Diisobutylaluminum hydride (DIBAR), (/-Bu)zAlIH: Reduces esters to yicld aldehydes 
(Sections 19.2 and 21.6). 


2,4-Dinitrophenylhydrazine, 2,4-(NO2)2CesH;3NHNH2: Reacts with aldehydes and ketones to 
yield 2,4-DNPs that serve as useful crystalline derivatives (Section 19.8). 


Ethylene glycol, HOCH2CH20H: Ксас with ketones or aldehydes in the presence of an acid 
catalyst to yield acetals that serve as useful carbonyl protecting groups (Section 19.10). 


F-TEDA-BF,, C;Hi4B;CIFoN; : Fluorinates an aromatic ring (Section 16.2). 


Ferric bromide, FeBr3: Acts as a catalyst for the reaction of arenes with Br» to yicld 
bromoarenes (Section 16.1). 


Ferric chloride, FeCl;; Acts as a catalyst for the reaction of arenes with Cl» to yield 
chloroarenes (Section 16.2). 


Grignard reagent, RMgX: Reacts with acids to yield alkanes (Section 10.6). 

— Adds to carbonyl-containing compounds (ketones, aldehydes, esters) to yield alcohols 
(Sections 17.6 and 19.7). 

— Adds to nitriles to yield ketones (Section 20.9). 


Hydrazine, HINNH;: Reacts with ketones or aldehydes in the presence of KOH to yield the 
corresponding alkanes (Wolff—Kishner reaction; Section 19.19). 


Hydrogen bromide, HBr: Adds to alkenes with Markovnikov regiochemistry to yield alkyl 
bromides (Sections 7.7 and 14.2). 

— Adds to alkynes to yield either bromoalkenes or 1,1-dibromoalkanes (Section 9.3). 

— Reacts with alcohols to yield alkyl bromides (Sections 10.5 and 17.6). 

- Cleaves ethers to yield alcohols and alkyl bromides (Section 18.3). 


Hydrogen chloride, HCl: — Adds to alkenes with Markovnikov regiochemistry to yield alkyl 
chlorides (Sections 6.7 and 14.2). 

— Adds to alkynes to yield either chloroalkcnes ог 1,1-dichloroalkanes (Section 8.3). 

— Reacts with alcohols to yield alkyl chlorides (Scctions 10.6 and 17.6). 
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Hydrogen cyanide, HCN: Adds to ketones and aldehydes to yield cyanohydrins (Section 
19.6). 


Hydrogen iodide, HI: ^ Reacts with alcohols to yield alkyl iodides (Section 17.6). 
- Cleaves ethers to yield alcohols and alkyl iodides (Section 18.3). 


Hydrogen peroxide, H202: Oxidizes organoboranes to yield alcohols. Used in conjunction 
with addition of borane to alkenes, thc overall transformation effects syn Markovnikov 
addition of water to an alkene (Section 8.5). 

- Oxidizes vinylic boranes to yield aldehydes.(Section 9.4). 

— Okidizes sulfides to yield sulfoxides (Section 18.8). 


Hydroxylamine, NH;OH: Reacts with ketones and aldehydes to yicld oximes (Section 19.8). 
- Reacts with aldoses to yield oximes as the first step in the Wohl degradation of aldoses 
(Section 25.6). 


Hypophosphorous acid, H3PO:;: Reacts with arenediazonium salts to yield arenes 
(Section 24.8). 


lodine, Iz; Reacts with arenes in the presence of CuCl or H20: to yield iodoarenes 
(Section 16.2). 


Iodomethane, CH:I: Reacts with alkoxide anions to yield methyl ethers (Section 18.2). 
- Reacts with carboxylate anions to yield methyl esters (Section 21.6). 

- Reacts with enolate ions to yield a-methylated carbonyl compounds (Section 22.7). 

- Reacts with amines to yield methylated amines (Section 24.6). 


Iron, Fe: Reacts with nitroarenes in the presence of aqueous acid to yield anilines (Section 
24.6). 


Lindlar catalyst: Acts as а catalyst for the partial hydrogenation of alkynes to yield cis alkenes 
(Section 9.5). 


Lithium, Li: Reduces alkynes in liquid ammonia solvent to yield trans alkenes (Section 9.5). 
- Reacts with organohalides to yield organolithium compounds (Section 10.7). 


Lithium aluminum hydride, LiAIH4: Reduces ketones, aldehydes, esters, and carboxylic 
acids to yield alcohols (Sections 17.4, 19.7, and 20.6). 

- Reduces amides to yield amines (Section 21.7). 

- Reduces alkyl azides to yield amines (Section 24.6). 

- Reduces nitriles to yield amines (Sections 20.7 and 24.6). 


Lithium diisopropylamide (LDA), LiN(/-Pr): ^ Reacts with carbonyl compounds 
(aldehydes, ketones, esters) to yield cnolate ions (Sections 22.5 and 22.7). 
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Lithium diorganocopper reagent (Gilman reagent), LiR;Cu: Couples with alkyl halides to 
yicld alkanes (Section 10.7). 

— Adds to a,B-unsaturated ketones to give 1,4-addition products (Section 19.13). 

- Reacts with acid chlorides to give ketones (Section 21.4). 


Magnesium, Mg: Reacts with organohalides to ую Grignard reagents (Scction 10.6). 
Mercuric acetate, Hg(O2CCHs3)2: Adds to alkenes in the presence of water, giving a-hydroxy 
organomercury compounds that can be reduced with NaBHs to yicld alcohols. The overall 

effect is the Markovnikov hydration of an alkene (Section 8.4). 


Mercuric sulfate, HgSO;: Acts as a catalyst for the addition of water to alkynes in the 
presence of aqueous sulfuric acid, yielding ketones (Section 9.4). 


Mercuric trifluoroacetate, Но(О>ССЕ Зз): Adds to alkenes in the presence of alcohol, giving 
a-alkoxy organomercury compounds that can be reduced with NaBH; to yield ethers. The 
overall rcaction effects a net addition of an alcohol to an alkene (Section 18.2). 


Nitric acid, HNOs: Reacts with arenes in the presence of sulfuric acid to yield nitroarenes 
(Section 16.2). 
- Oxidizes aldoses to yield aldaric acids (Section 25.6). 


Nitrous acid, HNO:: Reacts with amines to yield diazonium salts (Section 24.8). 


Osmium tetroxide, OsO4: Adds to alkenes to yield 1,2-diols (Section 8.7). 
- Reacts with alkenes in the presence of periodic acid to cleave the carbon-carbon double 
bond, yielding ketone or aldehyde fragments (Section 8.8). 


Ozone, Оз: Adds to alkenes to cleave the carbon-carbon double bond and give ozonides, 
which can be reduced with zinc in acctic acid to yield carbonyl compounds (Section 8.8). 


Palladium on barium sulfate, Pd/BaSO,: Acts as a hydrogenation catalyst for nitriles in the 
Kiliani-Fischer chain-lengthening reaction of carbohydrates (Section 25.6). 


Palladium on carbon, Pd/C: Acts as à hydrogenation catalyst for reducing carbon-carbon 
multiple bonds. Alkenes and alkynes are reduced to yield alkancs (Sections 8.6 and 9.5). 

— Acts as a hydrogenation catalyst for reducing aryl ketones to yield alkylbenzenes 
(Section 16.10). 

— Acts as a hydrogenation catalyst for reducing nitroarenes to yield anilines (Section 24.6). 


Periodic acid, HIO4: Reacts with 1,2-diols to yield carbonyl-containing cleavage products 
(Section 8.8). 


Peroxyacetic acid, CH3CO3H: Oxidizes sulfoxides to yicld sulfones (Section 18.8) 
Phenylisothiocyanate, CsHs-N=C=S: Used in the Edman degradation of peptides to identify 


N-terminal amino acids (Section 26.6). 
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Phosphorus oxychloride, РОС: Reacts with secondary and tertiary and alcohols to yield 
alkene dehydration products (Section 17.6). 


Phosphorus tribromide, PBr3: Reacts with alcohols to yield alkyl bromides (Section 10.5). 

— Reacts with carboxylic acids to yield acid bromides (Section 21.4). 

— Reacts with carboxylic acids in the presence of bromine to yield a-bromo carboxylic acids 
(Hell-Volhard-Zelinskii reaction; Section 22.4). 


Platinum oxide (Adams catalyst), РО: Acts as a hydrogenation catalyst in the reduction of 
alkenes and alkynes to yield alkanes (Sections 8.6 and 9.5). 


Potassium hydroxide, KOH: Reacts with alkyl halides to yield alkenes by an elimination 
reaction (Sections 8.1 and 11.7). 

— Reacts with 1,1- or 1,2-dihaloalkanes to yield alkynes by а twofold elimination reaction 
(Section 9.2). 


Potassium nitrosodisulfonate (Fremy's salt), K(SO3);NO: — Oxidizes phenols to yield 
quinones (Section 17.10). 


Potassium permanganate, KMnO4: — Oxidizes alkenes under neutral or acidic conditions to 
give carboxylic acid double-bond cleavage products (Sections 8.9). 

— Ожашмез alkynes to give carboxylic acid triple-bond cleavage products (Section 9.6). 

— Onidizes aromatic side chains to yield benzoic acids (Section 16.9). 


Potassium phthalimide, CsHa(CO)2NK: Reacts with alkyl halides to yield 
N-alkylphthalimides, which are hydrolyzed by aqueous sodium hydroxide to yield amines 
(Gabriel amine synthesis; Section 24.6). 


Potassium fert-butoxide, KO-r-Bu: Reacts with alkyl halides to yield alkenes 
(Sections 11.7 and 11.8). 

- Reacts with allylic hahdes to yield conjugated dienes (Section 14.1). 

— Reacts with chloroform in the presence of an alkene to yield a dichlorocyclopropane 
(Section 8.9). 


Pyridine, CsHsN: Acts as a basic catalyst for the reaction of alcohols with acid chlorides to 
yield esters (Section 21.4). 

— Acts as a basic catalyst for the reaction of alcohols with acetic anhydride to yield acetate 
esters (Section 21.5). 

— Reacts with a-bromo ketones to yield a B-unsaturated ketones (Section 22.3). 


Pyrrolidine, CaHgN: Reacts with ketones to yield enamines for use in the Stork enamine 
reaction (Sections 19.8 and 23.11). 


Rhodium on carbon, Rh/C: Acts as a hydrogenation catalyst in the reduction of benzene 
rings to yield cyclohexanes (Section 16.10). 
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Silver oxide, Ag;O:  Catalyzes the reaction of monosaccharides with alkyl halides to yield 
ethers (Section 25.6). 
— Reacts with tetraalkylammonium salts to yield alkenes (Hofmann elimination; Section 24.7). 


Sodium amide, NaNH2: Reacts with terminal alkynes to yield acetylide anions (Section 9.7). 

— Reacts with 1,1- or 1,2-dihalides to yield alkynes by a twofold elimination reaction 
(Section 9.2). i 

— Reacts with aryl halides to yield anilines by a benzyne aromatic substitution mechanism 
(Section 16.8). 


Sodium azide, NaNs: Reacts with alkyl halides to yield alkyl azides (Section 24.6). 
- Reacts with acid chlorides to yield acy] azides. On heating in the presence of water, acyl 
azides yield amines and carbon dioxide (Section 24.6). 


Sodium bisulfite, NaHSO:: Reduccs osmate esters, prepared by treatment of an alkene with 
osmium tetroxide, to yield 1,2-diols (Section 8.7). 


Sodium borohydride, NaBH4: Reduces organomercury compounds, prepared by 
oxymercuration of alkenes, to convert the C-Hg bond to C-H (Section 8.5). 

~ Reduces ketones and aldehydes to yield alcohols (Sections 17.4 and 19.7). 

— Reduces quinones to yield hydroquinones (Section 17.10). 


Sodium cyanide, NaCN: Reacts with alkyl halides to yield alkanenitriles (Sections 20.6 
and 20.7). 


Sodium dichromate, Na»Cr;0s: — Oxidizes primary alcohols to yield carboxylic acids and 
secondary alcohols to yield ketones (Sections 17.7 and 19.2). 
~ Oxidizes alkylbenzenes to yield benzoic acids (Section 16.9). 


Sodium hydride, NaH: Reacts with alcohols to yield alkoxide anions (Section 17.2). 


Sodium hydroxide, NaOH: Reacts with aryl halides to yield phenols by a benzyne aromatic 
substitution mechanism (Section 16.8). 


Sodium iodide, NaI: Reacts with arenediazonium salts to yield aryl iodides (Section 24.8). 


Stannous chloride, SnCb: Reduces nitroarenes to yield anilines (Sections 16.2 and 24.6). 
- Reduces quinones to yield hydroquinones (Section 17.10 ). 


Sulfur trioxide, 503: Reacts with arenes in sulfuric acid solution to yield arenesulfonic acids 
(Section 16.2). 
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Sulfuric acid, H;:SO4: Reacts with alcohols and water to yield alkenes (Section 8.4). 
— Reacts with alkynes in the presence of water and mercuric sulfate to yield ketones 
(Section 9.4). 
— Catalyzes the reaction of nitric acid with aromatic rings to yield nitroarenes (Section 16.2). 
— Catalyzes the reaction of SO; with aromatic rings to yield arenesulfonic acids (Section 16.2). 


Tetrazole: Acts as a coupling reagent for use in DNA synthesis (Section 28.7). 


Thionyl chloride, SOChk: Reacts with primary and secondary alcohols to yield alkyl 
chlorides (Section 10.5). 
— Reacts with carboxylic acids to yield acid chlorides (Section 21.4). 


Thiourea, H;:NCSNH»: Reacts with primary alkyl halides to yield thiols (Section 18.8). 


p-Toluenesulfonyl chloride, p-CH3C;H4SO;CI: Reacts with alcohols to yield tosylates 
(Sections 11.1 and 17.6). 


Trifluoroacetic acid, CF;CQ2H: Acts as a catalyst for cleaving tert-butyl cthers, yielding 
alcohols and 2-methylpropene (Section 18.3). 

— Acts as a catalyst for cleaving the t-Boc protecting group from amino acids in peptide 
synthesis (Section 26.7). 


Triphenylphosphine, (CsHs)3P: ^ Reacts with primary alkyl halides to yield the 
alkyltriphenylphosphonium salts used in Wittig reactions (Section 19.11). 


Zinc, Zn: Reduces ozonides, produced by addition of ozone to alkenes, to yield ketones and 
aldehydes (Section 8.8). 
— Reduces disulfides to yield thiols (Section 18.8). 


Zinc-copper couple, Zn-Cu: Reacts with ditodomethane in the presence of alkenes to yield 
cyclopropanes (Simmons-Smith reaction; Section 8.9). 
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Name Reactions 


Acetoacetic ester synthesis (Section 22.7); a multistep reaction sequence for converting a 
primary alkyl halide into a methyl ketone having three more carbon atoms in the chain. 


9 о 


Hon E 1. Heat 
RCH»X + CH4-C-CH-C-OCH; 


EL ИРЕР RCH;-CH4CCH4 + СО, + СН.ОН 
2. НзО+. heat DINE i і 


Adams’ catalyst (Section 8.6): РІО», a catalyst used for the hydrogenation of carbon-carbon 
double bonds. 


Aldol condensation reaction (Section 23.1): the nucleophilic addition of an enol or enolate ion 
to a ketone or aldehyde, yielding a В-Вудгоху ketone. 


9 | о OH 

Н | NaOH Pon 

2 R-C-C-H © = — R-C-C-C-C-H 
| В 


Amidomalonate amino acid synthesis (Section 26.3): а multistep reaction sequence, similar to 
the malonic ester synthesis, for converting a primary alkyl halide into an amino acid. 


О 
1. mix D 
ROH X + 7:C(COSEUo — ————--———- ^ RCH;-CHCOH + СО» + 2 EtOH 
2, H40*. heat | 
NHAc NH» 


Benedict’s test (Section 25.6): a chemical test for aldehydes, involving treatment with cupric ion 
in aqueous sodium citrate. 


Cannizzaro reaction (Section 19.12): the disproportionation reaction that occurs when a 
nonenolizable aldehyde is treated with base. 


Ho- 1 


2. нз0+ 


2 R4CCH R4CCOH + АЗССН>ОН 


Claisen condensation reaction (Section 23.7): a nucleophilic асу] substitution reaction that 
occurs when an ester enolate ion attacks the carbonyl group of a second ester molecule. The 
product is a B-keto ester. 


О 
4 1. HOT P | 
2 R-CH5-C-OCHs ‚> — R-CHa;-C-CH-C-OCH3 + CH30H 


H4O* 
R 
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Claisen rearrangement (Sections 18.4 and 30.8): the thermal [3.3] sigmatropic rearrangement 
of an ally] vinyl ether or an allyl phenyl ether. 


о | о | OH 
heat 
= | 
LA 
H A 


Cope rearrangement (Section 30.8): the thermal [3.3] sigmatropic rearrangement of a 1,5-diene 
to a new 1,5-dienc. 


En NS heat "7 
——— 
7 


Curtíus rearrangement (Section 24.6): thc thermal rearrangement of an acyl azide to an 
isocyanate, followed by hydrolysis to yield an amine. 


О 
| + 


R—C—N=N=N —L X ANH, + СО, + №, 
2. H30 


> 


Diazonium coupling reaction (Section 24.8): the coupling reaction between an aromatic 
diazonium salt and a phenol or aniline. 


Qe Qo С) Уу» 


Dieckmann reaction (Section 23.9): the intramolecular Claisen condensation reaction of a 1,6- 
or 1,7-dicster, yielding a cyclic B-keto ester. 


o 
СО РЕ! СОЕ! CO,Et 


1. NaOEt 
———— 4 EtOH 
2. H40* 


Diels-Alder cycloaddition reaction (Sections 14.4—14.5 and 30.5): the reaction betwcen a diene 
and a dienophile to yield a cyclohexene ring. 


| heat 
+ —— 
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Edman degradation (Section 26.6): a method for cleaving the N-terminal amino acid from a 
peptide by treatment of the peptide with N-phenylisothiocyanate. 


$ 
О H 
|| N^ 
Ph-N=C=S + HjN-CH-C-NH-$ —— Ph-N us HN -$ 
d R 
H 
О 


Fehling's test (Section 25.6): а chemical test for aldehydes, involving treatment with cupric ion 
in aqueous sodium tartrate. 


Fischer esterification reaction (Section 21.3); the acid-catalyzed reaction between a carboxylic 
acid and an alcohol, yielding the ester. 


О 
H H*, heat Н 
R-C-OH + R-OH ————-—  R-C-OR' + но 


Friedel-Crafts reaction (Section 16.3): the alkylation or acylation of an aromatic ring by 
treatment with an alkyl- or асу! chloride in the presence of a Lewis-acid catalyst. 


Я-С: АСУ 27 В 
| Alkylation 
22 MN 
| о 
< Tr и 
С 
В-С-С!. AlCI3 2 ^R 
RR MR NONE | Acylation 
м 


Gabriel amine synthesis (Section 24.6): a multistep sequence Гог converting a primary alkyl 
halide into à primary amine by alkylation with potassium phthalimide, followed by 
hydrolysis. 


о 
1 | CO, 
Y . МК 
~ Kt RCH4X —————+= 
NRE CN?” > NaOH. H;O aes В 
CO," 


о 


Gilman reagent (Section 10.7); a lithium dialkylcopper reagent, R2CuLi, prepared by treatment 
of a cuprous salt with an alkyllithium. Gilman reagents undergo a coupling reaction with 
alkyl halides, а 1,4-addition reaction with a, B-unsaturated ketones, and a coupling reaction 
with acid chlorides to yield ketones. 
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Glycal assembly method (Section 25.9): a method of polysaccharide synthesis in which а glycal 
is converted into its epoxide, which is then opened by reaction with an alcohol. 


OSiR4 ОЗН 
| : 


Grignard reaction (Section 19.7): the nucleophilic addition reaction of an alkylmagnesium 
halide to a ketone, aldehyde, or ester carbonyl group. 


Q OH 
= | . mi i 
R-Mg-X + b t. mix с 


E 


«У RHOS # 


`В 


Grignard reagent (Section 10.6): an organomagnesium halide, RMgX, prepared by reaction 
between an organohalide and magnesium metal. Grignard reagents add to carbonyl 
compounds to yield alcohols. 


Hell-Volhard-Zelinskii reaction (Section 22.4): the a-bromination of a carboxylic acid by 
treatment with bromine and phosphorus tribromide. 


но Br О 
| od 1. Bra, PBra — | |i 

—C--C—OH =’ —C—C-—OH 
| 2. Н>О | 


Hofmann elimination (Section 24.7): а method for effecting the elimination reaction of an 
amine to yield an alkenc. The amine is first treated with excess iodomethane, and the 
resultant quaternary ammonium salt is heated with silver oxidc. 


В.М H 

2 1. СНА! \ / 
tc ——— e Сес, + RNCH3 
| (x 2. A920. Н,О / 


Hofmann rearrangement (Section 24.6); the rearrangement of an N-bromoamide to а primary 
amine by treatment with aqueous base. 


О О 
li Br? || 
NaOH x 
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Kiliani-Fischer synthesis (Section 25.6): a multistep sequence for chain-lengthening an aldose 
into the next higher homolog. 


(но 
CHO 
| 1. НСМ éH(OH) 
R 2. Hp, Pd. BaSO, | 

3. НЗО* 


Knowles amino acid synthesis (Section 26.3): an enantioselective method of amino acid 
synthesis by hydrogenation of a Z enamido acid with a chiral hydrogenation catalyst. 


H COH 
\ / 
с=с 
| COH 
NHCOCH3 ; Ho, [Rh(DIPAMP)(COD)]* BF, * 
Дм ` 
2. NaOH, НО Нм H 


Koenigs-Knorr reaction (Section 25.6): а method for synthesizing a glycoside by reaction of a 
pyranosyl bromide with an alcohol and Ay2O. 


T od 


0, 1. ВОН. Ag2O 


Malonic ester synthesis (Section 22.7): а multistep sequence for converting an alkyl halide into 
a carboxylic acid with the addition of two carbon atoms to the chain. 


Q о 


__ В 1. heat | 

R-CHa-X + :CH-C-OCHg —— > -=> ДСН, СН,СОСНА + СО» + СНОН 
| З 2. H4O*. heat ыд ыы ыы. 

Сосна 


MceLafferty rearrangement (Section 19.14); a mass spectral fragmentation pathway for 
carbonyl compounds having a hydrogen three carbon atoms away from the carbonyl carbon. 


H H 
О “= “+. 
— 0X 
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Meisenheimer complex (Section 16.7): an intermediate formed in the nucleophilic aryl 
substitution reaction of a base with a nitro-substituted aromatic ring. 


Ci HO C! 
ON NO, ON,- NO, 


Merrifield solid-phase peptide synthesis (Section 26.8): a rapid and efficient means of peptide 
synthesis in which the growing peptide chain is attached to an insoluble polymer support. 


Michael reaction (Section 23.10): the 1,4-addition reaction of a stabilized enolate anion such as 
that from a 1,3-diketone to an a, B-unsaturated carbonyl compound. 


5 Р 

ее” о c^ О 
\ i Base \ || 
сн, + H,G=CHCR — сн-снснСв 
/ / 

SOS DE 

\ 

~ О 


Robinson annulation reaction (Section 23.12): a multistcp sequence for building а new 
cyclobexenone ring onto a ketone. The sequence involves an initial Michael reaction of the 
ketone followed by an internal aldol cyclization. 


+ — 
о O О 


Sandmeyer reaction (Section 24.8): a method for converting an aryidiazonitum salt into an aryl 
halide by treatment with a cuprous halide. 


+ 
TES + CuBr e C 2T (ar Сі. 1) 


Sanger dideoxy method (Section 28.6): an enzymatic method for DNA sequencing. 


Simmons-Smith reaction (Scction 8.9): a method for preparing a cyclopropane by treating an 
alkene with diiodomethane and zinc-copper. 


А Zn/Cu 
= + CHala =н кч 
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Stork enamine reaction (Section 23.11): a multistep sequence whereby a ketone is converted 
into an enamine by treatment with a secondary amine, and the enamine is then used in 
Michael reactions. 


Q В. О О 
A. Eo 3: MAU ces M zi ( 
HNR, ——» 
+ 2 2. Bine o R' 


Suzuki-Miyaura reaction (Section 10.7): ап organometallic coupling of an aromatic or vinyl 
substituted boronic acid with an aryl or vinyl substituted organohalide in the presence of a 
base and a palladium catalyst. 


Pd(Ph) 


Аг-В(ОН}› + I-~Ar А А-А! 
(or vinyl) CaCO; 
THF 


Tollens’ test (Section 25.6): a chemical test for detecting aldehydes by treatment with 
ammoniacal silver nitrate. A positive test is signaled by formation of a silver mirror on the 
walls of the reaction vessel. 


Walden inversion (Section 11.1): the inversion of stereochemistry at a chirality center during an 
5м2 reaction. 


че T 
Nu; + C —X ——~ Nu—c + СХ 


/ 


Williamson ether synthesis (Section 18.2): a method for preparing an ether by treatment of a 
primary alkyl halide with an alkoxide ion. 


R-O Na' +R'CH,Br~-> R -O—CH,R '+ NaBr 


Wittig reaction (Section 19.11): a general method of alkene synthesis by treatment of a ketone 
or aldehyde with an alkylidenctriphenylphosphorane. 


о \ һу 
\ 
+ C —PPh, — С=С + Ph4P—O 
B^ ^m / al 


Wohl degradation (Scction 25.6): a multistep reaction sequence for degrading an aldose into the 
next lower homolog. 


CHO 

| 1, NHOH 
Се щ НО 

TER 2. Ас О | 

В 3. NaOEt R 
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Wolff—Kishner reaction (Section 19.9): a method for converting a ketone or aldehyde into the 
corresponding hydrocarbon by treatment with hydrazine and strong base. 


Q 

О МН. KOH | 

С — —Án ВС H5-H 
R7 "R' 


Woodward-Hoffmann orbital symmetry rules (Section 30.9): a series of rules for predicting 
the stereochemistry of pericyclic reactions, Even-electron specics react thermally through 
either antarafacial or conrotatory pathways, whereas odd-electron species react thermally 
through either suprafacial or disrotatory pathways. 
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Abbreviations 


symbol for Angstrom unit (107 cm = 1071? m) 
acyclic diene metathesis, a method of polymerization 


Q 
Acetyl group, а 
aryl group 
atomic number 
atomic weight 
specific rotation 

0 
tert-butoxycarbonyl group, ui E 
boiling point 
n-butyl group, CH3CH2CHoCH2— 
sec-butyl group, CH:CHoCH(CH:)- 
tert-butyl group, (CH3)3C— 
centimeter 
wavenumber, or reciprocal centimeter 
stereochemical designation of carbohydrates and amino acids 
dicyclohexylcarbodiimide, СьНи-М=С=М-СёНи 
chemical shift in ppm downfield from TMS 
symbol for heat; also symbol for change 
heat of reaction 
decimeter (0.1 m) 
dimethylformamide, (CH3)55NCHO 
dimethyl sulfoxide, (CH3)2SO 
deoxyribonucleic acid 
dinitrophenyl group, as in 2,4-DNP (2,4-dinitrophenylhydrazone) 
entgegen, stereochemical designation of double bond geometry 
activation energy 
unimolecular elimination reaction 
unimolecular elimination that takes place through a carbanion intermediate 
bimolecular elimination reaction 
ethyl group, CH3CH;- 


gram 
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ММК 


—ОАс 
РЬ 
РН 
pKa 
pm 
ppm 
n-Pr 


symbol for light 

Hertz, or cycles per second (5!) 
iso 

infrared 

Joule 

symbol for coupling constant 
Kelvin temperature 

acid dissociation constant 
kitojoule 

stercochemical designation of carbohydrates and amino acids 
lithium aluminum hydride, LiAIHa 
methyl group, CHs- 

milligram (0.001 g) 

megahertz (10° 5!) 

millititer (0.001 L) 

millimeter (0.001 m) 

melting point 

microgram (10 ° р) 

millimicron (nanometer, 10? m) 
molecular weight 

normal, straight-chain alkane or alkyl group 
nanogram (10 ? gram) 

nanometer (10^? meter) 


nuclear magnetic resonance 


acetate group, = 
phenyl group, -СеН; 

measure of acidity of aqueous solution 
measure of acid strength (= —log Ka) 
picometer (107? m) 

parts per million 


n-propyl group, CH3CH:CH2— 


Abbreviations 
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1100 — Abbreviations 


i-Pr 
pro-R 
рғо-5 
R- 

(R) 

Re face 
ВМА 
КОМР 
(5) 
sec- 

Si face 
Sul 
SN2 
tert- 
THF 
TMS 


A V 


u 


в 


-— 


isopropyl group, (СНз):СН- 

designation of a prochirality center 
designation of a prochirality center 

symbol for a generalized alkyl group 

rectus, designation of chirality center 

a face of a planar, sp?-hybridized carbon atom 
ribonucleic acid 

ring-opening metathesis polymerization 
sinister, designation of chirality center 
secondary 

а face of a planar, sp?-hybridized carbon atom 
unimolecular substitution reaction 
bimolecular substitution reaction 

tertiary 

tetrahydrofuran 

tetramethylsilane nmr standard, (CH3)4Si 


( шы 


` 

NS 
СН; 
tosylate group, 

ultraviolet 

halogen group (-F, ~Cl, -Br, -1) 

zusammen, stereochemical designation of double bond geometry 
chemical reaction in direction indicated 


reversible chemical reaction 


resonance symbol 

curved arrow indicating direction of electron flow 
is equivalent to 

greater than 

less than 


approximately equal to 


indicates that the organic fragment shown is a part of a larger molecule 


single bond coming out of the plane of the paper 
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----- single bond receding into the plane of the paper 


uw partial bond 
ot, ò- partial charge 
i denoting the transition state 


T 2016 Cengage Learning. АН Rights Reserved May not be scanned, cyper or duplicated, or posted to a рису accessible website, in whole or in part. 


D 2016 Cengage | хани. АЙ Rights Reserved May по! be scanned. copied or cluplicaled, or posted to à publicly accessible website, m whole or in part 


Infrared Absorption Frequencies 


Functional Group Frequency (cnr!) Text Section 
Alcohol —O-H 3300—3600 (s) 17.11 
© _о— 1050 (5) 
Aldehyde —CO-H 2720, 2820 (m) 19.14 
aliphatic c- T 1725 (s) 
aromatic / 1705 (5) 
Alkane 12.8 
_ С -H 2850-2960 (s) 
/ 
M р i 
_ ү E p 800-1300 (m) 
Alkene 12.8 
H 3020—3100 (s) 
==C 
aes 1650-1670 (m) 
C aC 
/ A 
RCH-^CH: 910, 990 (m) 
К-С=СН› 890 (т) 
Alkyne =С-Н 3300 (s) 12.8 
C=C- 2100-2260 (m) 
Alkyl bromide 12.8 
C -Br 500—600 (s) 
Alkyl chloride 12.8 
x 
co 600-800 (s) 
РА 
Amine, primary 24.10 
H 3400, 3500 (s) 
-N 
N 
H 
secondary 
мн 3350 (s) 


Infrared Absorption Frequencies 1103 


Ammonium salt 24.10 
Nu 2200—3000 (broad) 
Aromatic ring Ar-H 3030 (m) 15.8 
monosubstituted Ar-R 690—710 (s) 
730—770 (s) 
o-disubstituted 735—770 (5) 
m-disubstituted 690—710 (s) 
810—850 (s) 
p-disubstituted 810-840 (5) 
Carboxylic acid -O-H 2500—3300 (broad) 20.8 
associated Cc О 1710 (s) 
free / 1760 ($) 
Acid anhydride 21.10 
с=о 1760, 1820 (5) 
Acid chloride 21.10 
aliphatic | C=O 1810 (s) 
aromatic 4 1770 (5) 
Amide 21.10 
aliphatic ‘<= о 1810 (s) 
aromatic d 1770 (s) 
N-substituted 1680 (s) 
N,N- 1650 (s) 
disubstituted 
Ester 21.10 
aliphatic € s0 1735 (s) 
aromatic / 1720 (s) 
Ether 18.9 
"s e 1050-1150 (s) 
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Ketone 19.14 
aliphatic v- О 1715 ($} 
aromatic / 1690 (s) 
6-memb. ring 1715 (s) 
3-memb. ring 1750 (s) 

Nitrile 20.8 
aliphatic -C= 2250 (m) 
aromatic 2230 (m) 

Phenol -O-H 3500 ($) 17.11 


(s) = strong; (m) = medium intensity 


© 2016 Cengage Learning. АЛ Rights Reserved. May not be scanned. copied or duplicated, or posted to a publicly accessible website, in whole or in part. 


Type of Proton 


Alkyl, primary 


Alky!, secondary 


Alky] tertiary 
Allylic 


о. to carbonyl 


Benzylic 


Acetylenic 
Alkyl chloride 


Alkyl bromide 
Alkyl iodide 
Amine 
Epoxide 
Alcohol 

Ether 

Vinylic 


Aromatic 
Aldehyde 


Carboxylic acid 


Alcohol 
Phenol 
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Proton NMR Chemical Shifts 


Chemical Shift (5) 


0.7—1.3 
1.2-1.4 
1.4-1.7 
1.6-1.9 


2.0-2.3 


2.3—3.0 


29-2 
3.0—4.0 


2.5—4.0 


2.0—4.0 


2.2-2.6 


2.5-3.5 


3.5—4.5 


3.5-4.5 


5.0-6.0 


6.5—8.0 
9.7-10.0 


11.0-12.0 


3.5-4.5 
2.5—6.0 


Text Section 


13:9 
13.9 
13.9 
13.9 


19.14 


15.8 


13.9 
13.9 


13.9 


13.9 


24.10 


18.9 


17.11 


18.9 


13.9 


15.8 
19.14 


20.8 


17.11 
17.11 


1901 


1902 


1903 


1904 


1905 


1906 


1907 


1908 


1909 


1910 


1911 


1912 


Nobel Prizes in Chemistry 


Jacobus H. van't Hoff (The Netherlands): 
“for the discovery of laws of chemical dynamics and of osmotic pressure" 


Emil Fischer (Germany): 
“for syntheses in the groups of sugars and purines” 


Svante А. Arrhenius (Sweden): 
“for his theory of electrolytic dissociation" 


Sir William Ramsey (Britain): 
"for the discovery of gases in different elements in the air and for the determination of 
their place in the periodic system” 


Adolf von Baeyer (Germany): 
"for his researches on organic dyestuffs and hydroaromatic compounds" 


Henri Moissan (France): 
"for his research on the isolation of the element fluorine and for placing at the service of 
science the electric furnace that bears his name" 


Eduard Buchner (Germany): 
"for his biochemical researches and his discovery of cell-less formation" 


Ernest Rutherford (Britain): 
"for his investigation into the disintegration of the elements and the chemistry of 
radioactive substances" 


Wilhelm Ostwald (Germany): 
"for his work on catalysis and on the conditions of chemical equilibrium and velocities of 
chemical reactions" 


Otto Wallach (Germany): 
“for his services to organic chemistry and the chemical industry by his pioneer work in 
the field of alicyclic substances" 


Marie Curie (France): 
"for her services to the advancement of chemistry by the discovery of the elements 
radium and polonium” 


Victor Grignard (France): 
“for the discovery of the so-called Grignard reagent, which has greatly helped in the 
development of organic chemistry” 


Paul Sabatier (France): 
“for his method of hydrogenating organic compounds 10 the presence of finely divided 
metals" 
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1913 Alfred Werner (Switzerland): 
“for his work on the linkage of atoms in molecules by which he has thrown new fight on 
carlier investigations and opened up new fields of research especially in inorganic 
chemistry" 


1914 Theodore W. Richards (U.S.): 
“for his accurate determinations of the atomic weights of a great number of chemical 
elements" 


1915 Richard M. Willstátter (Germany): 
“for his research on plant pigments, principally on chlorophyll” 


1916 - 17 No award 


1918 Fritz Haber (Germany): 
“for the synthesis of ammonia from its elements, nitrogen and hydrogen" 


1919 No award 


1920 Walther Н. Nernst (Germany): 
“for his thermochemical work” 


1921 Frederick Soddy (Britain): 
“for his contributions to the chemistry of radioactive substances and his investigations 
into the origin and nature of isotopes" 


1922 Francis W. Aston (Britain): 
"for his discovery, by means of his mass spectrograph, of the isotopes of a large number 
of nonradioactive elements, as well as for his discovery of the whole-number rule” 


1923 Fritz Pregl (Austria): 
“for his invention of the method of microanalysis of organic substances" 


1924 No award 
1925 Richard А. Zsigmondy (Germany): 


for his demonstration of the heterogeneous nature of colloid solutions, and for the 
methods he used, which have since become fundamental in modern colloid chemistry” 


1926 Theodor Svedberg (Sweden): 
“for his work on disperse systems” 


1927 Heinrich О. Wieland (Germany): 
“for his research on bile acids and related substances” 
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1928 


1929 


1930 


193] 


1932 


1933 


1934 


1935 


1936 


1937 


1938 


1939 


1940 - 


Nohel Prizes in Chemistry 


Adolf O. R. Windaus (Germany): 
*for his studies on the constitution of the sterols and their connection with the vitamins" 


Arthur Harden (Britain): 
Hans von Euler-Chelpin (Sweden): 
“for their investigation on the fermentation of sugar and of fermentative enzymes" 


Hans Fischer (Germany): 
“for his researches into the constitution of hemin and chlorophyll, and especially for his 
synthesis of hemin” 


Frederich Bergius (Germany): 

Carl Bosch (Germany): 

"for their contributions to the invention and development of chemical high-pressure 
methods" 


Irving Langmuir (U.5.): 
“for his discoveries and investigations in surface chemistry" 


No award 


Harold C. Urey (U.S.): 
"for his discovery of heavy hydrogen" 


Frederic Joliot (France): 
Irene Joliot-Curie (France): 
^for their synthesis of new radioactive elements" 


Peter J. W. Debye (Netherlands/U.S.): 
"for his contributions our knowledge of molecular structure through his investigations on 
dipole moments and on the diffraction of X rays and electrons in gases" 


Walter N. Haworth (Britain): 
“for his researches into the constitution of carbohydrates and vitamin C" 
Paul Karrer (Switzerland): 


“for his researches into the constitution of carotenoids, flavins, and vitamins A and B" 


Richard Kuhn (Germany): 
“for his work on carotenotds and vitamins" 


Adolf F. J. Butenandt (Germany): 
“for his work on sex hormones" 


Leopold Ruzicka (Switzerland): 
"for his work on polymethylenes and higher terpenes" 


42 No award 
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1943 Georg de Hevesy (Hungary): 
"for his work on the use of isotopes as tracer elements in researches on chemical 
processes" 


1944 Otto Hahn (Germany): 
“Гог his discovery of the fisston of heavy nuclei" 


1945 Artturi I. Virtanen (Finland): 
“for his researches and inventions in agricultural and nutritive chemistry, especially for 
his fodder preservation method" 


1946 James B. Sumner (U.S.): 
“for his discovery that enzymes can be crystallized” 


John Н. Northrop (U.S.): 
Wendell M. Stanley (U.S.): 
for their preparation of enzymes aud virus proteins in a pure form" 


1947 Sir Robert Robinson (Britain): 
“for his investigations on plant products of biological importance, particularly the 
alkaloids" 


1948 Arne W. К. Tiselius (Sweden): 
“for his researches on electrophoresis and adsorption analysis, especially for his 
discoveries concerning the complex nature of the serum proteins" 


1949 William Е. Giauque (U.S.): 
“for his contributions in the field of chemical thermodynamics, particularly concerning 
the behavior of substances at extremely low temperatures" 


1950 Kurt Alder (Germany): 
Otto P. H. Diels (Germany): 
"for their discovery and development of the diene synthesis" 


1951 Edwin M. McMillan (U.S.): 
Glenn T. Seaborg (U.S.): 
“for their discoveries in the chemistry of the transuranium elements" 


1952 Archer I. P. Martin (Britain): 
Richard L. M. Synge (Britain): 
“for their development of partition chromatography" 


1953 Hermann Staudinger (Germany): 
“for his discoveries in the field of macromolecular chemistry” 
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1954 Linus C. Pauling (U.S.): 
“for his research into the nature of the chemical bond and its application to the 
elucidation of the structure of complex substances" 


1955 Vincent du Vigneaud (U.S.): 
*for his work on biochemically tmportant sulfur compounds, especially for the first 
synthesis of a polypeptide hormone" 


1956 Sir Cyril N. Hinshelwood (Britain): 
Nikolai N. Semenov (U.S.S.R.): 
*for their research in clarifying the mechanisms of chemical reactions in gases" 


1957 Sir Alexander В. Todd (Britain): 
“for his work on nucleotides and nucleotide coenzymes” 


1958 Frederick Sanger (Britain): 
“for his work on the structure of proteins, particularly insulin” 


1959 Jaroslav Heyrovsky (Czechoslovakia): 
“for his discovery and development of the polarographic method of analysis" 


1960 Willard Е. Libby (U.S.): 
“for his method to use carbon-14 for age determination in archaeology, geology, 
geophysics, and other branches of science" 


1961 Melvin Calvin (U.S.): 
“for his research on the carbon dioxide assimilation in plants" 


1962 John С. Kendrew (Britain): 
Max F. Perutz (Britain): 
“for their studies of the structures of globular proteins" 


1963 Giulio Natta (Italy): 
Karl Ziegler (Germany): 
“for their work in the controlled polymerization of hydrocarbons through the use of 
organometallic catalysts" 


1964 Dorothy C. Hodgkin (Britain): 
"for her determinations by X-ray techniques of the structures of important biochemical 
substances, particularly vitamin В12 and penicillin" 


1965 Robert B. Woodward (U.S.): 
“for his outstanding achievements in the ‘art’ of organic synthesis" 
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1966 Robert S. Mulliken (U.S.): 
"for his fundamental work concerning chemical bonds and the electronic structure of 
molecules by the molecular orbital method" 


1967 Manfred Eigen (Germany): 
Ronald G. W. Norrish (Britain): 
George Porter (Britain): 
“for their studies of extremely fast chemical reactions, effected by disturbing the 
equilibrium with very short pulses of energy" 


1968 Lars Onsager (U.S.): 
"for his discovery of the reciprocal relations bearing his name, which are fundamental for 
the thermodynamics of irreversible processes” 


1969 Sir Derek H. R. Barton (Britain): 
Odd Hassel (Norway): 
"for their contributions to the development of the concept of conformation and its 
application in chemistry" 


1970 Luis F. Leloir (Argentina): 
"for his discovery of sugar nucleotides and their role in the biosynthesis of 
carbohydrates" 


1971 Gerhard Herzberg (Canada): 
"for his contributions to the knowledge of electronic structure and geometry of 
molecules. particularly free radicals" 


1972 Christian B. Anfinsen (U.S.): 
"for his work on ribonuclease, especially concerning the connection between the amino 
acid sequence and the biologically active conformation" 


Stanford Moore (U.S.): 

William H. Stein (U.S.): 

“for their contribution to the understanding of the connection between chemical structure 
and catalytic activity of the active center of the ribonuclease molecule” 


1973 Ernst Otto Fischer (Germany): 
Geoffrey Wilkinson (Britain): 
“for their pioneering work, performed independently, on the chemistry of the 
organometallic sandwich compounds” 


1974 Paul J. Flory (U.S.): 


"for his fundamenta! achievements, both theoretical and experimental, in the physical 
chemistry of macromolecules” 
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1977 
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1979 


1980 


1981 
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John Cornforth (Australia/Britain): 
“for his work on the stereochemistry of enzyme-catalyzed reactions” 


Vladimir Prelog (Yugoslavia/Switzerland): 
“for his work on the stereochemistry of organic molecules and reactions" 


William N. Lipscomb (U.S.): 
“for his studies on the structures of boranes illuminating problems of chemical bonding” 


Пуа Pregogine (Belgium): 
“for his contributions to nonequilibrium thermodynamics, particularly the theory of 
dissipative structures" 


Peter Mitchell (Britain): 
“for his contribution to the understanding of biological energy transfer through the 
formulation of the chemiosmotic theory" 


Herbert C. Brown (U.S.): 

“for his application of boron compounds to synthetic organic chemistry" 
Georg Wittig (Germany): 

*for developing phosphorus reagents, presently bearing his name" 


Paul Berg (U.S.): 
“for his fundamental studies of the biochemistry of nucleic acids, with particular regard 
to recombinant DNA" 


Walter Gilbert (U.S.) 
Frederick Sanger (Britain): 
“for their contributions concerning the determination of base sequences in nucleic acids” 


Kenichi Fukui (Japan) 
Roald Hoffmann (U.5.): 
for their theories, developed independently, concerning the course of chemical reactions” 


Aaron Klug (Britain): 
“for his development of crystallographic electron microscopy and his structural 
elucidation of biologically important nucleic acid — protein complexes" 


Henry Taube (U.S.): 
“for his work on the mechanisms of electron transfer reactions, especially in metal 
complexes" 


R. Bruce Merrifield (U.S.): 
"for his development of methodology for chemical synthesis on a solid matrix" 
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Herbert A. Hauptman (U.S.): 

Jerome Karle (U.S.): 

“for their outstanding achievements in the development of direct methods for the 
determination of crystal structures" 


John C. Polanyi (Canada): 
"for his pioneering work in the use of infrared chemiluminescence in studying the 
dynamics of chemical reactions" 


Dudley R. Herschbach (U.S.): 
Yuan T. Lee (U.S.): 
"for their contributions conceming the dynamics of chemical elementary processes" 


Donald J. Cram (U.S.): 

Jean-Marie Lehn (France): 

Charles J. Pedersen (U.S.): 

"for their development and use of molecules with structure-specific interactions of high 
selectivity" 


Johann Deisenbofer (Germany): 

Robert Huber (Germany): 

Hartmut Michel (Germany): 

"for their determination of the structure of the photosynthetic reaction center of bacteria" 


Sidney Altman (U.S.): 
Thomas R. Cech (U.S.): 
"for their discovery of catalytic properties of RNA" 


Elias J. Corey (U.S.): 
“for his development of the theory and methodology of organic synthesis" 


Richard R. Ernst (Switzerland): 
"for his contributions to the development of the methodology of high resolution NMR 
spectroscopy" 


Rudolph A. Marcus (U.S.): 
"for his contributions to the theory of electron-transfer reactions in chemical systems" 


Kary B. Mullis (U.S.): 

"for his development of the polymerase chain reaction" 

Michael Smith (Canada): 

“for his fundamental contributions to the establishment of oligonucleotide-based 
sitedirected mutagenesis and its development for protein studies" 


George A Olah (U.S.): 
"for pioneering research on carbocations and their role in the chemical reactions of 
hydrocarbons" 
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1998 
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2000 


2001 
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F. Sherwood Rowland (U.S.) 

Mario Molina (U.S.) 

Paul Crutzen (Germany) 

*for their work in atmospheric chemistry, particularly concerning the formation and 
decomposition of ozone" 


Robert F. Curl, Jr. (U.S.) 

Harold W. Kroto (U.K.) 

Richard E. Smalley (U.S.) 

“for their discovery of carbon atoms bound in the form of a ball (fullerenes).” 


Paul D. Boyer (U.S.) 

John E. Walker (U.K.) 

“for having elucidated the mechanism by which ATP synthase catalyzes the synthesis of 
adenosine triphosphate, the energy currency of living cells” 


Jens С. Skou (Denmark) 
“for his discovery of the ion-transporting enzyme Na*-K* ATPase, the first molecular 


pu mp” 


Walter Kohn (0.5.) 

John A. Pople (U.S.) 

“to Walter Kohn for his development of the density-functional theory and to John Pople 
for his development of computational methods in quantum chemistry” 


Ahmed H. Zewail (Egypt, U.S.) 
“for his studies of the transition states of chemical reactions using femtosecond 
spectroscopy.” 


Alan J. Heeger (U.S.) 

Alan С. MacDiarmid (U.S.) 

Hideki Shirakawa (Japan) 

“for opening and developing the important new field of electrically conductive polymers” 


William $. Knowles (U.S.) 

Ryoji Noyori (Japan) 

К. Barry Sharpless (U.S.) 

“for their work on chirally catalysed hydrogenation and oxidation reactions” 


John В. Fenn (U.S.) 

Koichi Tanaka (Japan) 

“for their development of soft desorption ionisation methods for mass spectrometric 
analyses of biological macromolecules” 


Kurt Wiithrich (Switzerland) 
“for his development of nuclear magnetic resonance spectroscopy for determining the 
threedimensional structure of biological macromolecules in solution" 
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Peter Арте (U.S.) 
"for the discovery of water channels in cell membranes" 


Roderick Mackinnon (U.S.) 
“for structural and mechanistic studies of ion channels in cell membranes” 


Aaron Ciechanover (Israel) 

Avram Hershko (Israel) 

Irwin Rose (U.S.) 

"for the discovery of ubiquitin-mediated protein degradation" 


Yves Chauvin (France) 

Robert H. Grubbs (U.S.) 

Richard R.Schrock (U.S.) 

“for the development of the metathesis method in organic synthesis" 


Roger D. Kornberg (U.S.) 
"for his studies of the molecular basis of eukaryotic transcription” 


Gerhard Ertl (Germany) 
"for his studies of chemical processes on solid surfaces" 


Osamu Shimomura (U.S.) 

Martin Chalfie (U.S.) 

Roger Y. Tsien (U.S.) 

"for the discovery and development of the green fluorescent protein" 


Venkatraman Ramakrishnan (U.S.) 

Thomas A. Steitz (U.S.) 

Ada Е. Yonath (Israel) 

“for studies of the structure and function of the ribosome” 


Richard Е. Heck (U.S.) 

Ei-ichi Negishi (U.S.) 

Akira Suzuki (Japan) 

"for palladium-catalyzed cross couplings tn organic synthesis" 


Dan Shechtman (Israel) 
"for the discovery of quasicrystals” 


Robert J. Lefkowitz (U.S) 
Brian K. Kobilka 
"for studies of G-protein-coupled receptors" 
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2013 Martin Karplus (U.S) 
Michael Levitt (0.5) 
Arieh Warshel (U.S) 
"for the development of multiscale models for complex chemical systems". 


2014 Erie Betzig (U.S) 
Stefan W. Hell (Germany) 
William E. Moerner (U.S.) 
"for the development of super-resolved fluorescence microscopy”. 
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Answers to Multiple-Choice Questions in Review Units 1-12 


Review Unit 1: l.d 2b За 4с 5d 6b 7a 84 9а 
Review Unit 2: l.c 2а 34 4c 5d 6b 7а &d 9b 


Review Unit 3: la 2b 3c 4b 5c 6b 7b &a 9d 


Review Unit 4: ld 2b ЗЬ 4c Sb ба 7d &c Эа 


11.c 
Review Unit 5: lb 2b 3c 4a 5.4 6d 7c &a 9b 
11. 
Review Unit 6: lece 2а 3b 4d 5c 6c La ва 9d 
Review Unit 7: ld 2c 3b 4b 5а ба 7b 8а 9c 
Review Unit 8: la 2b 3a 4b 5с ба 7c d 9c 
Review Unit 9: lb 2d 3a 4a 5c 6d 7b Sc 9b 


Review Unit 10: lb 2a 3d 4b 5c ба 7d 8b Эа 
Review Unit 11: l.c 24 За 4b Sd ба 7d 865 9с 


Review Unit 12: Ld 2a 3c 4c 5a ба 7b 8.a 9b 
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